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ABSTRACT 
 Every year there are nearly two million new cases of invasive breast 
cancer worldwide and over 500,000 deaths, the majority from metastatic sites. 
While cellular changes during tumorigenesis and progression have been studied, 
our understanding of extracellular matrix remodeling, at the fiber level, by 
individual and collective cellular cohorts remains limited. Furthermore, recent 
studies suggest that there is a correlation between the organization of collagen I 
fibers perpendicular to the tumor and patient survival. However, the underlying 
mechanism of this alignment remains unknown. 
The central hypothesis proposed in this dissertation is that breast cancer 
tumors reorganize collagen I fibers perpendicular to the tumor surface via integrin 
β1 and matrix metalloproteinases (MMPs). To investigate this hypothesis, we 
developed a novel in vitro assay that replicates collagen I fiber alignment 
previously reported in vivo and a new quantitative collagen I fiber orientation 
algorithm.  
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Our studies using multicellular aggregates, derived from the triple negative 
breast cancer cell line MDA-MB-231, embedded into collagen I matrices and 
confocal reflectance microscopy provide novel insights into how the local 
microenvironment is affected and into local orientation of the collagen I fibers 
near the spheroid-collagen I interface. These results agree well with our 
computational studies. Furthermore, the viability of the algorithm is demonstrated 
using both in silico and in vitro derived images, and shows that this algorithm is 
more accurate than similar algorithms previously published. Using the developed 
in vitro assay and computational algorithm it is also demonstrated that knocking 
down integrin β1 reduces the amount of collagen I aligned perpendicularly to the 
tumor surface, while inhibiting MMP activity using the broad spectrum MMP 
inhibitor GM6001 increases the amount of collagen I aligned perpendicularly to 
the tumor surface at early time points. The work presented here has implications 
in three-dimensional multicellular assays, accurate fiber orientation analysis, and 
understanding the role of integrins in matrix reorganization and cancer cell 
metastasis. 
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Chapter 1: Background 
1.1 The Microenvironment 
Several critical cell functions are influenced by external mechanical and 
biochemical cues from the surrounding microenvironment. Small alterations in 
these cues, such as a change in pH, oxygen level, or extracellular matrix 
stiffness can result in dramatic changes to cell behavior including changes to 
proliferation, migration, and cell death. While internal cellular regulators and the 
cell processes that they regulate have been studied for decades, our 
understanding of not only the influence of the surrounding microenvironment on 
these cellular functions but also the influence of the cellular functions on the 
microenvironment remains much less comprehensive. This is primarily due to the 
fact that the majority of our understanding of the underlying mechanisms 
governing cellular functions comes from research focused on cells cultured in 
two-dimensional environments. While the culturing of cells as monolayers is less 
complex, more easily repeated, and less costly in terms of time and funding than 
using animal models, the monolayers lack the morphology, mechanics, and 
biochemical characteristics of cells in vivo. 
The majority of cancer related deaths occur not as a result of the initial 
tumor but as a result of metastasis to secondary sites. For metastasis to occur, 
cells undergo epithelial to mesenchymal transition (EMT), lose cellular anoikis 
signaling, and remodel the surrounding extracellular matrix. While there has been 
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extensive study on both EMT and anoikis, there has been little characterization of 
the physical changes to the extracellular matrix.  
 
1.2 The Extracellular Matrix 
The extracellular matrix (ECM) is composed of tissue-specific 
polysaccharides and proteins including collagen, elastin, fibronectin, laminin, 
proteoglycans, and glycoproteins (Bonnans et al., 2014; Dangi-Garimella et al., 
2011; Nagaprashantha et al., 2011; Wagenseil & Mecham, 2007). The ECM 
regulates cellular functions including proliferation, differentiation, and migration 
through integrins and provides structural scaffolding for the cells. The primary 
protein responsible for the structural support is collagen (Bonnans et al., 2014). 
Twenty-eight different collagens have been identified (Shoulders & Raines, 
2009), comprising over 30% of all protein in the body, with roughly 90% being 
collagen I (Di Lullo et al., 2002). Collagen I consists of fibrils, a triple-helical 
conformation of three molecules of collagen called α-chains (Luparello, 2013), 
which in the presence of lysyl oxidase form collagen fibers via crosslinking 
(Siegel et al., 1970). The tight packaging of the triple-helix is enabled by the 
repeating amino acid sequence X-Y-Glycine (the most common of which is 
Proline-hydroxyProline-Glycine) and occurs in all types of collagen (Brazel et al., 
1987). The glycine residues contribute to the structure of the collagen not just 
due to decreased steric hindrance, but also due to their hydrogen bonding. 
Mutations to the glycine residues of collagen can cause various pathologies 
3 
 
including osteogenesis imperfecta (Beck et al., 2000). This disease is 
characterized by brittle bones, abnormal teeth, thin skin, weak tendons, and 
hearing loss. Proline residues are also commonly found in collagen because of 
their flexibility in the protein backbone. Glycine mutations in proline-rich regions 
of collagen tend to be less disruptive than in proline-poor regions (Hyde et al., 
2006). Proline and hydroxyproline make up roughly 22% of the residues in 
human collagen (Ramshaw et al., 1998). Both amino acids provide flexibility for 
the protein and hydroxyproline increases the thermal stability of the triple helices 
(Berg & Prockop, 1973).  
Collagen IV is only found in the basement membrane, a specialized ECM 
that endothelial and epithelial cells produce (Kalluri, 2003; Schittny & Yurchenco, 
1989). Although there are six α chains that can heterotrimerize, only three distinct 
heterotrimers form. The α1 and α2 chains are present in the basement 
membrane of all tissues while the other four chains are tissue-specific. Interchain 
crosslinking between four triple-helical molecules of collagen IV results from 
disulfide bonds and lysine-hydroxylysine crosslinks. This tetramer is glycosylated 
increasing resistance to collagenase activity (Khoshnoodi et al., 2008). Mutations 
in the collagen IV genes cause Alport’s syndrome (Hudson et al., 1992; Liisa 
Hostikka et al., 1990), a regional thinning and thickening of the glomerular 
basement membrane (Cosgrove, 2012), causing hematuria and sensorineural 
deafness (Alport, 1927). Mutations in collagen IV genes can also cause 
encephaloclastic porencephaly, a rare neurological disease in infants 
4 
 
characterized by cerebral lesions in the brain resulting in epilepsy, cerebral palsy, 
and poor speech development (Pasternak et al., 1980). Electron microscopy in 
mouse models show basement membranes with variable thicknesses and 
densities (Gould et al., 2005). Goodpasture’s syndrome, an autoimmune disease 
targeting collagen IV, is characterized by glomerulonephritis and associated with 
lung hemorrhage (Saus et al., 1988). It is thought that exposure to tobacco 
smoke or hydrocarbons may be required to expose the target sites to the 
immune cells in Goodpasture’s syndrome (Donaghy & Rees, 1983; Stevenson et 
al., 1995).  
Collagen XVIII is found ubiquitously in vascular and epithelial basement 
membranes, however a long variant is found predominantly in the liver (Muragaki 
et al., 1995; Saarela et al., 1998). Long variants of collagen XVIII accumulate in 
amyloid-laden vessels in Alzheimer’s disease (van Horssen et al., 2006), 
endostatin accumulates in the brains of patients who die from cerebral malaria 
(Deininger et al., 2002), and both collagen XVIII and endostatin accumulation can 
result from traumatic brain injury (Deininger et al., 2006). Increased expression of 
collagen XVIII is observed in bullous scleroderma skin (Santos et al., 2005) and 
is associated with progression of hepatocellular carcinomas (Musso et al., 2001). 
Mutations in collagen XVIII can also cause Knobloch syndrome, an autosomal 
recessive disorder characterized by vitreoretinal degeneration, retinal 
detachment, macular degeneration, occipital encephalocele and high myopia 
5 
 
(Knobloch & Layer, 1972) Other basement membrane proteins include laminin 
and heparin sulfate proteoglycans (Kalluri, 2003; Schittny et al., 1989). 
Laminins are self-assembling T-shaped heterotrimers consisting of an α, 
β, and γ chain. Laminins bind to other ECM components such as heparin 
(Ekblom et al., 2003) and sulfatides (Li et al., 2005) via the LG domains of the α 
chain. Cells interact with laminins through integrin and non-integrin receptors 
though the LG and LN domains of the α chain and the C-terminals of β and γ 
chains (Nishiuchi et al., 2006; Taniguchi et al., 2009). There are several diseases 
associated with laminin chain mutations. Congenital muscular dystrophy type 1A 
is characterized by hypotonia, brain defects, joint contractures, and severe 
muscle weakness (Jimenez-Mallebrera et al., 2005). Pierson syndrome results in 
early lethality due to mutations in the laminin β2 chain and is characterized by 
vision loss, renal failure, and muscular and neurological defects (Gubler, 2008). 
Skin-blistering diseases are also seen in mutations of laminin-332 (Tzu & 
Marinkovich, 2008) or in autoimmune disorders targeting laminin-332 (Dainichi et 
al., 2009). Additionally laminin-332 is critical for squamous cell carcinoma 
tumorigenesis (Tran et al., 2008). 
 Heparin sulfate proteoglycans (HSPGs) are glycoproteins with at least one 
covalently attached heparin sulfate chain (Esko 2009). There are roughly 17 
HSPGs divided into three distinct groups based on their location: cell membrane 
(syndecan, glypican, betaglycan, neuropilin, and CD44v3), secretory vesicle 
(serglycin), and ECM (perlecan, agrin, collagen XVIII) (Sarrazin et al., 2011). 
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Collagen XVIII has properties of both collagen and proteoglycans and proteolytic 
cleavage in the C-terminal domain releases endostatin, an inhibitor of 
angiogenesis (O’Reilly et al., 1997). The heparin sulphate chains are required for 
the binding of collagen XVIII to basement membranes (Dong et al., 2003) and 
promote interactions with L-selectin, mediating adhesion of lymphoma cells, and 
monocyte chemotactic protein-1, increasing binding of the monocytes to vascular 
adhesion molecule-1 (Kawashima et al., 2003).  
Fibronectin is ubiquitously expressed as a dimer composed of two almost 
identical subunits (Pankov & Yamada, 2002). Different splicing of the single 
mRNA sequence can generate up 20 variants of fibronectin (Ffrench-Constant, 
1995). Fibronectin is required for deposition of other ECM components such as 
collagen I (McDonald et al., 1982). Mutations in fibronectin can cause 
glomerulopathy with fibronectin deposits, a hereditary kidney disease 
characterized by microscopic hematuria, hypertension, and proteinuria resulting 
in renal failure (Castelletti et al., 2008). 
Elastin is an amorphous component of ECM found in connective tissue 
making up the bulk of the elastic fibers (Cleary, 1987). Chondrocytes, fibroblasts, 
endothelial, microvascular, and smooth muscle cells synthesize elastin (Uitto et 
al., 1991). Tropoelastin is secreted into the plasma membrane by secretory 
vesicles (Saunders & Grant, 1985). Prior to deposition of elastin into the ECM, 
microfibrils are secreted near the cell surface (Cleary, 1987). As the elastin 
content increases small clumps fuse together to form amorphous fibers (Robert 
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et al., 1971). Once secreted the elastin is crosslinked via lysyl oxidase, making it 
insoluble (Bressan et al., 1977). Fragmentation of arterial elastin is present in 
atherosclerosis along with increased stiffness and calcium accumulation in 
elastin (Sandberg et al., 1981). Emphysema is characterized by loss of elastin in 
lung due to dysregulated protease activity (Pierce et al., 1995). Mutations in the 
elastin gene can also cause supravalvular aortic stenosis, a narrowing in the 
arteries accompanied by reduced elastin concentration (Olson et al., 1995). 
Deletion of the elastin gene results in Williams syndrome which in addition to 
supravalvular aortic stenosis results in premature aging of skin, mental 
retardation, and lax joints (Lowery et al., 1995). Increased elastin density occurs 
in Buschke-Ollendorff syndrome while decreased density or fragmentation of the 
elastin fibers occurs in Marfan syndrome (Uitto & Ryhänen, 1987). 
Hyaluronan is an unbranched disaccharide present in the ECM whose 
triggered biological responses are determined by polymer length (Toole, 2004). 
Long hyaluronan polymers repress cell proliferation and has anti-inflammatory 
properties while short hyaluronan promotes proliferation and inflammation 
(Kothapalli et al., 2007; Puré & Assoian, 2009). Naked mole rats possess 
hyaluronan 6-12 times longer than humans and the similarly sized, and close 
relative, guinea pigs due to a unique sequence of hyaluronan synthase 2. While 
this higher molecular weight hyaluronan may have evolved to provide skin 
elasticity for a life of dwelling in highly populated tunnels, it is hypothesized that 
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this higher molecular weight hyaluronan, in conjunction with its increased levels 
of CD44, results in naked mole rats never developing cancer (Tian et al., 2013). 
 
1.3 Cell – Extracellular Matrix Interactions 
1.3.1 Integrins 
Integrins are heterodimeric ECM receptors composted of an α-subunit and 
a β-subunit with each heterodimeric pair having a specific set of ligands (Hood & 
Cheresh, 2002). Each subunit is composed of a long extracellular domain, a 
single transmembrane domain, and a short cytoplasmic domain. The expression 
levels of these integrins depend on the cell type. Breast cancer cells have been 
shown to have lower levels of integrin α2β1 and α5β1 when compared to normal 
cells (Mizejewski, 1999). The integrins act in a bidirectional signaling pathway 
with ‘inside-out’ signaling resulting from a cellular protein, such as talin, binding 
to the cytoplasmic domain of the integrins resulting in a conformational change 
which in turn increases the affinity for the extracellular ligands. The ‘outside-in’ 
signaling is due to the ligand being detected by the extracellular domain of the 
integrins and a conformational change occurring that effects the intracellular 
proteins associated with the integrins (Shattil et al., 2010). Another specific type 
of ‘outside-in’ signaling that integrins are involved in is mechanotransduction, 
where the integrins themselves are capable of sensing the mechanical strains of 
the ECM (Wang et al., 2009). There are two proposed mechanisms for how the 
exterior mechanical forces could affect the cells: (1) External forces applied to 
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the integrins result in an increase in integrin clustering, thus resulting in an 
increase in focal adhesions and signaling. (2) The tension results in 
conformational changes of force-sensitive components in the focal adhesions 
which in turn modify the binding interactions or enzymatic activity (Katsumi et al., 
2004). 
 
1.3.2 Focal Adhesion Complexes 
The focal adhesions are made up of kinases, phosphatases, and 
scaffolding proteins. Talin plays a critical role in the focal adhesion formation by 
binding to the cytoplasmic tail of β integrins. This interaction is regulated by Src 
phosphorylation of the tyrosine residue in the NPXY motif of the β integrins 
(García-Alvarez et al., 2003). Src further regulates talin-facilitated focal adhesion 
formation through phosphorylation of PIPKIγ661, a PIP5-kinase isoform, at Y664. 
Both PIPKIγ661 and β integrins compete for the same binding site on talin, 
however the phosphorylated form of PIPKIγ661 has a greater affinity for the 
binding site than the β integrins. This results in a decrease of β integrin – talin 
binding and a decrease in focal adhesions (Ling et al., 2003).  
Interactions between talin and β integrins are crucial for initiation of the 
focal adhesions. Once the integrins cluster within the plasma membrane, talin 
interacts with them, forming focal complexes and activating Rac and Cdc41. Rac 
and Cdc42 trigger formation of lamellipodia and filopodia respectively (Schwartz 
& Shattil, 2000). Vinculin, paxillin, and other scaffolding proteins are recruited to 
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the clustered integrins followed by Rho activation. This activation results in the 
elongation of the now fully formed focal adhesion (Katsumi et al., 2004). The 
completed focal adhesions primarily utilize kinases for their signaling capabilities. 
Focal adhesion kinase (FAK) was first identified as a phosphorylated 
protein due to Src transformation (Schaller et al., 1992). FAK localizes to focal 
adhesions via its C-terminal focal adhesion targeting domain. Failure to localize 
results in decreased autophosphorylation and decreased phosphorylation of 
substrates (Shen & Schaller, 1999). An autoinhibitory domain located near the N-
terminus binds to the cytoplasmic tail of integrin β1, with the resulting 
conformational change relieving the autoinhibition (Cooper et al., 2003). FAK has 
several proline-rich domains that allow it to bind to the LD2 domain of paxillin and 
the SH3 domain of p130Cas (Polte & Hanks, 1995). 
In addition to the binding domains, FAK has multiple tyrosine residues that 
are capable of becoming phosphorylated with different outcomes resulting from 
different sites of phosphorylation. FAK activation occurs via autophosphorylation, 
due to integrin binding the target ligand, occurs at Y397 (Schaller et al., 1994). 
Phopho-Y397 provides a binding site for Src which in turn phosphorylates 
residues Y576 and Y577 of FAK, further activating the protein (Calalb et al., 
1995). Src is able to further phosphorylate residues Y861 and Y925 of FAK, 
providing binding sites for proteins with SH2 domains. One such protein, Grb2, 
binds to the phosphorylated Y925 residue of FAK and leads to the activation of 
the Ras pathway (Schlaepfer et al., 1994). Additionally the phosphorylation of 
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Y925 causes FAK to be removed from the focal adhesion complex (Katz et al., 
2003). Activated FAK is able to bind directly to both p190RhoGEF (Zhai et al., 
2003) and p190RhoGAP (Kshitiz et al., 2012) controlling the activity of RhoA and 
formation of stress fibers which modulates focal adhesion stability. Just as 
phosphorylation is important in the regulation of the integrin signaling pathway, 
dephosphorylation via phosphatases is also critical. The phosphatase PTP-PEST 
is found at focal adhesions. Decreased levels of PTP-PEST result in an increase 
in focal adhesions and a decrease in cell migration (Angers-Loustau et al., 1999), 
while increase in expression levels of PTP-PEST leads to a reduction in 
phosphorylation of p130Cas resulting in delocalization of p130Cas from the 
leading edge (Garton & Tonks, 1999). 
To facilitate downstream signaling, there are several scaffolding proteins 
found in focal adhesions. P130Cas, one of the scaffolding proteins, contains an 
SH3 domain, a proline-rich domain, a substrate domain with 15 YXXP motifs, a 
serine-rich domain, and a C-terminal SH2 domain. The SH3 domain allows the 
protein to localize to the focal adhesion complexes through FAK (Harte et al., 
2000). When phosphorylated the YXXP motifs become docking sites for several 
proteins including Crk and PTP-PEST. The Crk-p130Cas complex results in 
activation of Dock180 and upon binding to ELMO activates Rac1 (Kiyokawa et 
al., 1998). Rac1 activation leads to formation of lamellipodia and membrane 
ruffling (Parri & Chiarugi, 2010).  
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Paxillin is a second scaffolding protein present in focal adhesions. Paxillin 
contains a proline-rich domain that binds to the SH3 domain of Src, 5LD motifs 
that interact with several proteins including FAK, and four C-terminal LIM 
domains that allow interaction with PTP-PEST and interaction with the cell 
membrane (Turner, 2000). Paxillin can also bind directly to the cytoplasmic tail of 
integrins α4 and β1 (S. Liu et al., 2002). Similar to p130 CAs, phosphorylation of 
tyrosine residues by FAK and Src creates binding sites for other proteins. Two of 
the critical residues are Y31 and Y118 which are both capable of binding Crk. 
This paxillin-Crk complex is required for paxillin localization to focal adhesions 
and for cell migration. Furthermore, paxillin activates small GTPases such as 
Rac through βPIX, Crk, and GIT (Lamorte et al., 2003).  
 
1.4 Matrix Metalloproteinases 
Matrix metalloproteinases (MMPs) consist of a catalytic domain containing 
a zinc ion and an autoinhibitory domain containing a conserved cysteine residue 
that inhibits the zinc ion at the active site (Page-McCaw et al., 2007). While most 
MMPs are secreted, there is a subset that are localized to the membrane either 
by a transmembrane domain or a GPI-anchor.  Two MMPs (MMP2 and MMP9) 
have fibronectin repeats at the active site to mediate binding to collagens. Most 
MMPs have a hemopexin domain at their C terminus that mediates protein-
protein interactions. It is this domain that is critical for proper MMP activation, 
localization, internalization, degradation, and substrate recognition (Overall, 
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2002). MMPs have many functions including degradation of the surrounding 
ECM to enable migration, production of cleavage products with biological activity, 
and regulation of signaling molecules in both a direct and indirect manner 
(Sternlicht & Werb, 2001). Collagen I degradation required for epithelial cell 
migration and wound healing is mediated by MMP1 (Pilcher et al., 1997). 
Cleavage of the basement membrane components laminin-5 or collagen IV 
results in cryptic sites being exposed and promotion of migration (Giannelli et al., 
1997; J. Xu et al., 2001). Since ECM contain growth factors, such as insulin and 
fibroblast growth factors, cleavage by MMPs can release those ECM-bound 
growth factors (Fowlkes et al., 1995; Whitelock et al., 1996). Membrane proteins 
like E-cadherin and CD44 can also be cleaved by MMPs, resulting in biologically 
active fragments of the extracellular domains (Kajita et al., 2001; Noe et al., 
2000). 
 
1.5 Cell Migration and Cancer Cell Metastasis 
In three-dimensional (3D) environments, cells migrate via one of three 
distinct methods: single cell mesenchymal-type movement, single cell amoeboid-
type movement, and collective cell migration. The single cell mesenchymal-type 
movement is characterized by an elongated cellular shape and requirement of 
Rac1-mediated cell polarization and lamellipodia. Amoeboid-type movement 
have a round morphology and migration is independent of ECM degradation, 
however elevated levels of actomyosin contractility are required. Finally, while 
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the exact mechanism of collective cell migration is not well understood, it 
involves sheets or clusters of cells moving uniformly together with their cell-cell 
contacts and junctions intact (Parri et al., 2010; Rørth, 2009; Vedula et al., 2013).  
Mesenchymal-type cell migration requires multiple steps: polarization, 
protrusion extension, formation and stabilization of focal adhesion complexes, 
generation of a contractile force, and release of focal adhesions at the trailing 
edge of the cell (Lauffenburger & Horwitz, 1996). Reorganization of the actin 
cytoskeleton results in Rac1-induced cell polarization (Dalous et al., 2008) and 
the formation of protrusions at the leading edge (Ridley, 2011). These 
protrusions probe the surrounding environment and adhere through the formation 
and stabilization of focal adhesion complexes (Nagano et al., 2012). The focal 
adhesions provide a link between the integrins that are sensing the external 
environment and the actin cytoskeleton within the cells (Mitra et al., 2005). The 
cell is propelled when myosin II, bound to the actin filaments (actomyosin), 
contracts as a result of activation by the phosphorylated myosin light chain. 
Phosphorylation of the myosin light chain is regulated by Ca2+ and calmodulin-
dependent myosin light-chain kinase and the myosin light-chain phosphatase 
(Friedl & Wolf, 2003). Once the cell is propelled forward the focal adhesions at 
the back of the cell are degraded. Actin filaments are capped resulting in higher 
turnover (Wear et al., 2000), phosphatases inhibit further formation of actin 
filaments locally (Zeng et al., 2003), and the protein calpain cleaves the 
cytoplasmic domain of β integrins and the adaptor protein talin (Pfaff et al., 
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1999). While the majority of our understanding of migration has come from two-
dimensional (2D) in vitro experiments, cells migrate much in the same way in 
three dimensions with two notable exceptions. First, the composition of the focal 
adhesions in three dimensions are not identical to those in two dimension and 
the proteins do not form aggregates but are instead dispersed throughout the cell 
(Cukierman et al., 2001a). Local activation of these proteins results in protrusion 
formation (Fraley et al., 2010). Secondly with three-dimensional migration, cells 
utilize MMPs to break down the surrounding ECM in order to decrease steric 
hindrance (Friedl et al., 2003). 
Two defining differences between mesenchymal and amoeboid migration 
are that amoeboid migration is not dependent on protease activity and that while 
mesenchymal migration requires Rac1 activity, amoeboid migration utilizes high 
levels of RhoA activity (Parri et al., 2010). Additionally, cells utilizing amoeboid 
migration do not form large focal adhesions but instead form a great number of 
more diffuse, smaller, and weaker cell-ECM attachments (Friedl, 2004b). As a 
result, inhibition of integrin signaling does not prevent amoeboid migration (Wolf 
et al., 2003). 
Collective cell migration differs from the previous two methods in the fact 
that it applies to groups of cells moving together. Studies have shown that 
guiding cells, located at the front of the collective cells, act in a mesenchymal 
migratory way, using proteases (specifically MT1-MMP) and β1-integrin mediated 
focal adhesions to create microtracks into which the rest of the collective cell 
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mass can follow (Friedl & Wolf, 2008; Gaggioli et al., 2007). While the exact 
mechanism that drives collective cell migration is not known, there have been a 
couple proposed mechanisms. Contact inhibition of migration has been observed 
where fibroblasts from chicken heart change direction of migration when they 
come into contact with other cells (Abercrombie & Heaysman, 1953). Contact 
inhibition ultimately results from protrusions being unable to form in the direction 
of the nearby cells (Vedula et al., 2013). A second concept is the idea of specific 
cells within a population being “leader” cells, capable of being able to prod or pull 
other “follower” cells in a certain direction (Lecaudey & Gilmour, 2006). However, 
there are instances where “leader” cells are not actually at the leading edge of 
the cell collective (Farooqui & Fenteany, 2005; Poujade et al., 2007). While no 
definitive conclusion has been reached in terms of the mechanism used for 
collective cell migration there are several tools available to control and to quantify 
collective cell behavior (Vedula et al., 2013). 
 Two key changes occur in cancer cells in order for them to become 
metastatic: they undergo EMT and they develop anoikis resistance (Mammoto et 
al., 2013). Cells that undergo EMT begin to express the mesenchymal proteins 
vimentin, fibronectin, and N-cadherin and stop expressing epithelial proteins β-
catenin, γ-catenin, and E-cadherin (Kalluri & Weinberg, 2009). When active, E-
cadherin forms a complex with α, β, and p120-catenins that is crucial for cell-cell 
adhesion. The loss of this complex results in the delocalization of p120 catenin 
from the membrane which in turn activates Rac1 and Cdc42, potentially allowing 
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protrusions to form (Christofori, 2006). Degradation of the E-cadherin cell-cell 
complex is furthered by MMPs which cleave E-cadherin at the cell surface 
resulting in a soluble 80kDa cleavage product (Nawrocki-Raby et al., 2003) which 
in turn upregulates MMP2, MMP9, and MMP14 (Nagaprashantha et al., 2011). 
The upregulation of these MMPs are critical for the degradation of the 
surrounding ECM with inhibition of MMP activity results in decreased speed and 
persistence of cell migration in 3D collagen matrices (H. Kim et al., 2008). The 
composition of the surrounding ECM influences the persistence of migration in a 
specific direction. Microfluidic systems using an ECM gradient result in migration 
of cells up the gradient (Rhoads & Guan, 2007). Furthermore not just the 
concentration but the organization of the ECM has been shown to contribute to 
migration with cells migrating along aligned collagen I fibers more rapidly due to 
increased persistence (Riching et al., 2014). 
 
1.6 Breast Cancer 
1.6.1 Breast cancer classification 
Roughly one third of new cancer cases in women are breast cancer 
(Spitale et al., 2009). Breast cancer is a heterogeneous disease with many 
different subtypes characterized by different risk factors, histopathology, 
presentation, and response to therapies (Desmedt et al., 2009; Sotiriou & 
Pusztai, 2009). Breast cancer is classified into five stages (0 to IV). Stage 0 
cancers are divided into three types based on the location of the abnormal cells: 
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ductal carcinoma in situ (DCIS), lobular carcinoma in situ (LCIS), and Paget 
disease. DCIS is noninvasive where the abnormal cells have not spread outside 
the duct to other breast tissue. Occasionally DCIS becomes invasive and 
spreads to other tissues but as of yet there is no way of predicting in which cases 
this will happen. LCIS is characterized by abnormal cells found in the lobules of 
the breast. Paget has abnormal cells present only in the nipple. Stage I is 
characterized by either a tumor that is no more than two centimeters in size, is 
present in the breast and has small clusters of cells (less than two millimeters in 
size) in the lymph nodes. Stage II is characterized by the tumor increasing in size 
to be between two and five centimeters with the cells spreading to one to three 
axillary lymph nodes, or the tumor increasing in size to be greater than five 
centimeters without any cell spreading to lymph nodes. Stage III is characterized 
by spread of the cancer to four to nine axillary lymph nodes or the tumor being 
larger than five centimeters with small clusters found in lymph nodes or chest 
wall. Stage IV is characterized by spread of the cancer to other organs, usually 
the bone, lungs, liver, or brain (PDQ Adult Treatment Editorial Board, 2002). 
 
1.6.2 Prognostic Indicators 
Immunohistochemistry markers, tumor size and grade, histology, and 
nodal involvement is used for prognosis and determination of treatment. Three 
receptors are traditionally used to define breast cancer subtypes: estrogen 
receptor (ER), progesterone receptor (PR), and human epidermal growth factor 
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receptor 2 (HER2) (Fulford et al., 2006; Vallejos et al., 2010). ER-positive breast 
tumors are less aggressive than ER-negative tumors, and make up 75% of 
breast tumors (Anderson et al., 2002). Anti-estrogen inhibitors are commonly 
used to treat patients with ER-positive tumors and roughly half of the patients 
respond (EBCT Collaborative Group, 1998). PR-positive cancers make up 65% 
to 75% of breast cancers, with the majority of the PR-positive cancers being ER-
positive as well (Ravdin et al., 1992). ER and PR double-negative cancers 
comprise 18% to 25% of tumors and are associated with higher rate of 
recurrence, lower survival rate, and lace of response to endocrine therapy 
(Bardou et al., 2003). Overexpression of the ER-like protein HER2 occurs in 
roughly 20% of invasive breast cancers, with half of the HER2-positive cells also 
being ER and PR double-negative, and is associated with poor prognosis 
(Slamon et al., 1987). ER, PR, and HER2 triple-negative tumors lack these 
traditional markers and as a result there are a lack of targeted therapies. Lacking 
the three traditional prognostic markers, triple-negative breast cancer is 
categorized into two subtypes, basal and non-basal. The basal subtype has 
tumor cells that look like the basal cells of the mammary ducts. It is characterized 
by expression of cytokeratin 5/6 and epidermal growth factor receptor and 
usually results in a poorer prognosis (Cheang et al., 2008).  
 
1.6.3 Treatment Options 
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Treatment options for breast cancer are dependent on the staging of the 
cancer itself. DCIS can be treated by breast conserving surgery in conjunction 
with radiation therapy or a total mastectomy. Tamoxifen, which blocks the 
estrogen receptor, is sometimes used in addition to both surgical options. Stages 
I through IV are treated some combination of surgery, radiation therapy, hormone 
therapy, chemotherapy, and clinical trials testing new anticancer drugs. Surgical 
options include a total mastectomy to address breast lesions, surgery to remove 
cancer that has spread to the brain, spine, or lungs, and surgery to support weak 
or broken bones as a result of metastasis to the bone. All surgical treatments are 
often supplemented with radiation therapy, but can also be used by themselves 
to relieve pain and symptoms. Strontium-89 is often used when the cancer has 
spread to bones throughout the body (PDQ Adult Treatment Editorial Board, 
2002).  
Three classes of hormone therapy are used to inhibit estrogen-induced 
proliferation of the breast cancer cells (C. I. Lee et al., 2017). The ER has two 
independent domains to bind coactivator proteins to promote transcription. 
Activator function 1 (AF-1) is located in the amino-terminal domain of the ER, and 
activator function 2 (AF-2), located at the ligand-binding domain (Kushner et al., 
2000). Estrogen binding to the ER triggers a signaling cascade resulting in an 
increase in proliferation. Aromatase inhibitors, such as letrozole, inhibit the 
aromatase enzyme which converts androgen to estrogen. Selective estrogen 
receptor modifiers, like tamoxifen, bind to the ER, producing a conformational 
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change that prevents binding of coactivators to the AF-2 domain. While 
tamoxifen can inhibit ER activity in breast tissue, it can act as an agonist in other 
tissues (Watanabe et al., 1997). Lastly the selective estrogen receptor down-
regulators, such as fulvestrant, bind to the ER and induce its degradation 
(Pietras, 2006). This degradation is caused by inhibition of ER dimerization, an 
increase in ER turnover, and disruption of nuclear localization and blocks both 
the AF-1 and AF-2 domains and unlike tamoxifen, fulvestrant has no known 
agonist activity (Howell et al., 2000; McClelland et al., 1996). If the cancer is 
hormone receptor negative or has not responded to hormone therapy, the 
epidermal growth factor receptor (EGFR) and cyclin-dependent kinases (CDKs) 
can be targeted.  
After ligand binding, EGFR dimerizes and becomes autophosphorylated 
(Citri & Yarden, 2006). This autophosphorylation activates cellular pathways 
resulting in cancer-cell proliferation, metastasis, and inhibition of apoptosis (N. E. 
Hynes & Lane, 2005). There are two classes of EGFR antagonists. Anti-EGFR 
monoclonal antibodies, such as cetuximab, bind to inactivated EGFR and inhibit 
dimerization and activation. Small-molecule EGFR tyrosine kinase inhibitors, 
such as gefitinib, bind reversibly to the intracellular catalytic domain of EGFR 
tyrosine kinase inhibiting the autophosphorylation and downstream activation 
(Ciardiello & Tortora, 2001; Grünwald & Hidalgo, 2003; Normanno et al., 2003). 
CDKs are serine-threonine kinases that play a critical role in regulating 
cell-cycle progression. In particular, cyclin D interacts with CDK4 and CDK6 to 
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facilitate the hyperphosphorylation of the retinoblastoma gene product which 
allows the cell to progress through the G1 checkpoint and into S phase (Fry et 
al., 2004). Alterations in this pathway leading to dysregulation of the 
retinoblastoma checkpoint are present in malignancies and in hormone therapy 
resistant breast cancer (Finn et al., 2016). The small molecule palbociclib is a 
small-molecule inhibitor of CDK4 and CKD6. In preclinical studies, palbociclib 
preferentially inhibits the proliferation of ER-positive breast cancer cells, reverses 
hormone resistance, and behaves synergistically with the aromatase inhibitor 
letrozole (Finn et al., 2009). 
 
1.6.4 Tumor-Associated Collagen Signatures 
First identified by Provenzano et al. (2006), tumor-associated collagen 
signatures (TACS) have been proposed as a prognostic biomarker for cancer 
progression (Brabrand et al., 2014; Conklin et al., 2011). Three TACS have been 
described, each with different collagen fiber characteristics. In general, the TACS 
progress through three types (1-3) as the tumor increases in size. TACS-1 is 
characterized by an increase in collagen near the surface of the tumor (Figure 1-
1A). As the tumor size increases the collagen fibers stretch out around the tumor 
resulting in the TACS-2 (Figure 1-1B). Finally, TACS-3 is characterized by fibers 
aligned perpendicular to the tumor surface and parallel to cell invasion (Figure 1-
1C).  
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There are several methods of visualizing 3D collagen networks using 
either confocal (Boerboom et al., 2007; Harjanto et al., 2011; Krahn et al., 2006; 
Stein et al., 2008; Y. Yang et al., 2009) or two-photon microscopy (Cox & Kable, 
2006). Confocal microscopy can either utilize fluorescence (CFM), using a 
fluorophore labeled collagen (Stein et al., 2008), a stain (Boerboom et al., 2007; 
Krahn et al., 2006), or confocal reflectance microscopy (CRM) (Harjanto et al., 
2011). While CRM visualizes unlabeled collagen fibers, collagen fibers that are 
orientated perpendicular to the imaging plane may not be detected due to Mie 
scattering (Garton et al., 1999) and while CFM using labeled collagen fibers is 
able to detect fibers regardless of orientation, the physical properties of labeled 
collagen are different from the unlabeled (Y. Yang et al., 2009). When it comes to 
in vivo studies CRM is only useful if the sample is close to the surface and even 
then there is no guarantee that any structures seen are collagen fibers. 
Fortunately two-photon microscopy provides a reliable method of visualizing 
collagen fibers in vivo by taking advantage of the helical structure of collagen I 
and utilizing second harmonic generation (SHG) (Brabrand et al., 2014; 
Provenzano et al., 2006). SHG uses a pulsed laser to excite the collagen I fiber 
with two photons of light, at the same energy, resulting in the emission of light 
with twice the energy (one half the wavelength of the wavelength of the excitation 
light). Unlike fluorescence microscopy, there is no loss of energy during SHG. 
 
1.7 Current Gaps in Knowledge 
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Two recent studies of patient breast cancer biopsies have shown a 
correlation between TACS-3 and patient survival rate (Brabrand et al., 2014; 
Conklin et al., 2011). Using a quantitative algorithm Conklin scored 196 patients 
as either TACS-3 positive or negative using three scoring thresholds. The 
strictest TACS-3 positive score (the score that required the greatest amount of 
TACS-3 present to be considered TACS-3 positive), score #2 (Figure 2A) results 
in a 20% thirteen-year survival rate (n=23) while the strictest TACS-3 negative 
score (the score that required the least amount of TACS-3 present to be 
considered TACS-3 positive), score #3 (Figure 2B), results in a 75% sixteen-year 
survival rate (n=72). While these numbers exclude 100 patients, the differences 
in five-year survival rate between TACS-3 positive as determined by score #2 
and TACS-3 negative determined by score #3 is dramatic. The presence of 
TACS-3 was independent of other prognostic indicators including tumor grade 
and size, ER, PR, and HER2 status. TACS-3, however, did correlate positively 
with the expression of stromal syndecan-1. Syndecan-1 is a receptor for several 
ECM proteins including collagens and fibronectin. Brabrand (2014) also found no 
difference, in a set of 37 patients, in the rate of TACS-3 occurrence in between 
low-grade and high-grade tumors. The fact that TACS-3 occurrence is 
independent of ER, PR, and HER2 status and is correlated with patient survival, 
means that it can be used as a prognostic indicator, especially in triple-negative 
breast cancers. Identifying the cellular pathways responsible for the collagen I 
fiber alignment could provide new targets for cancer therapeutics. 
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To date the mechanism of this TACS-3 fiber alignment remains unknown 
and few investigations have been performed. In the original paper describing 
TACS, Provenzano took mouse tumor explants, harvested from the center of the 
tumor, and transferred them to a 2mg/ml collagen I gel to investigate both 
collagen I reorganization and invasion. Second harmonic generation enabled 
imaging of the collagen fibers (Figure 1-3) with TACS-2 (1-3B) and TACS-3 (1-
3C) observed around the tumor while non-aligned TACS1 (1-3A) was observed 
away from the tumor. Furthermore, local invasion of the tumor cells was seen 
only at locations where TACS-3 was present (1-3D). This explant assay is 
certainly able to allow for visualization and classification of TACS, however the 
lack of a purely in vitro model, not reliant on animal tumor explants, makes 
studying the exact mechanism more complicated. Any exploration into the exact 
mechanism or pathway responsible for the alignment would depend on the 
innately heterogeneous animal tumors as the source of cells and inhibitors to 
modulate protein activity. 
In 2016 Yang used an in vitro system to demonstrate that fibronectin 
derived from syndecan-1-positive human mammary fibroblasts had aligned fiber 
architecture, whereas syndecan-1-negative human mammary fibroblasts had a 
more random fiber organization (Figure 1-4A) (N. Yang & Friedl, 2016). Yang 
also observed that MDA-MB-231 cells embedded into these human mammary 
fibroblast derived ECMs migrated differently depending on matrix alignment 
(Figure 1-4B) and that MDA-MB-231 invasion through a trans-well plate coated 
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with the fibronectin matrix also depended on the alignment (Figure 1-4C). This 
study did not directly look at collagen I fibers but fibronectin is required for the 
deposition of collagen I and the architecture of the fibronectin should highly 
influence the architecture of collagen I. It is critical to note however that Yang 
(2016) utilized fibroblasts to reorganize the fibronectin matrix, and while tumor 
associated fibroblasts are found in proximity to tumors in vivo, Provenzano 
(2006) showed collagen I fiber alignment when using explants from the center of 
the tumor, presumably where the number of cancer associated fibroblasts is low 
(Shiga et al., 2015). 
The mechanism behind collagen I alignment is not the only gap present in 
understanding the role of TACS-3 in tumor progression. The consequences of 
this alignment in terms of cell behavior and morphology is also critical. With the 
exception of the recent work by Yang (2016), the majority of experiments in this 
avenue have involved non-cellular based methods of aligning collagen fibers. 
There have been multiple ways of creating aligned collagen I fiber 
matrices, however most have been without physiologically relevant methods. 
Guo & Kaufman (2007) used streptavidin coated magnetic beads and a magnetic 
field to align collagen fibers (Figure 1-5A). While some of the alignment may be 
simply due to the effect of the magnetic field on the collagen I polymer, the 
majority of the alignment is thought to be due to the collagen I fibers attaching to 
the beads and the beads pulling the collagen I while it polymerizes. The width of 
microfluidic channels is also used to control collagen I fiber alignment. Collagen I 
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was flowed through channels ranging in width from 30µm to 400µm and allowed 
to polymerize with thinner the microfluidic channels resulting in more heavily 
aligned collagen I fibers (Figure 1-5B) (P. Lee et al., 2006). Finally, Riching used 
a mechanical strain after collagen I polymerization to stretch the fibers into an 
aligned pattern (Figure 1-5C) (Riching et al., 2014). When MDA-MB-231 cells 
were embedded in both strained and unstrained gels and compared, the cells 
present in the strained collagen I matrix appeared to have migrated further over 
the same period of time (Figure 1-6). Riching et al. (2014) determined that this 
was due to an increase in the persistence of migration along the aligned fibers 
due to a decrease in the number of protrusions emanating from the cells. These 
three methods for aligning collagen I networks can only be used to observe the 
effect of matrix alignment on cells, and cannot be used to evaluate the cell 
influence on the matrix. Additionally, it is unclear if the tension and strains that 
are utilized in these methods are physiologically relevant. 
 
1.8 Goals of this Dissertation 
The work presented in this dissertation furthers our understanding of the 
complex relationship between cells and the surrounding ECM. This research is 
approached from two directions. First by designing an in vitro, multicellular, 3D 
model that mimics ECM remodeling observed both in vivo and ex vivo. With the 
multicellular aggregates (spheroids) derived from tissue culture cells, we will 
have a platform where we can use a variety of cell culture techniques, specifically 
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the transfection of siRNA, to modulate protein expression levels. Secondly, we 
will develop a pixel-by-pixel fiber orientation algorithm to accurately measure the 
degree of collagen I fiber alignment. To test the accuracy of the algorithm and 
compare it to previously published algorithms, computer generated images will 
be created where theoretical degree of alignment is known. With these two tools 
we will investigate the roles of integrin β1, MMP activity, and collagen I 
concentration on collagen I fiber reorganization. For integrin β1 we will first 
establish how integrin β1 levels are influenced by collagen I concentration and 
validate a siRNA reverse transfection protocol for the in vitro assay to be used to 
knock down integrin β1 levels. Once validated integrin β1 knockdown spheroids 
and wild-type spheroids will be embedded into 2, 3, and 4 mg/ml collagen I gels 
and degree of alignment measured. To determine if MMP activity is required for 
collagen I reorganization, spheroids will be treated with the broad spectrum MMP 
inhibitor GM6001 and compared to untreated spheroids. With these experiments, 
we will establish: 1) an in vitro assay to visualize collagen I fiber organization, 2) 
a computational algorithm to measure fiber orientation, 3) a bi-directional 
relationship between integrin β1 and collagen I, and 4) the relationship between 
MMP activity and collagen I remodeling. 
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1.9 Figures 
 
Figure 1-1: Three tumor associated collagen signatures have been identified. Tumors generated in 
Wnt knockout mice were transferred to 2mg/mL collagen gels from rat tail and imaged using multi-photon 
microscopy. A) TACS-1 is considered to be normal collagen fibers with random orientations. B) TACS-2 is 
characterized by collagen fibers stretched around the tumor, parallel to the tumor surface. C) TACS-3 is 
characterized by collagen fibers aligned perpendicular to the tumor surface. Adapted from (Provenzano et 
al., 2006) 
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Figure 1-2 TACS-3 is a prognostic indicator for patient survival. A set of patients were categorized as 
TACS-3 negative or positive using different scoring thresholds. Score 2 (B) uses the strictest threshold to be 
considered TACS-3 positive. Score 3 (C) uses the least stringent threshold to be considered TACS-3 
positive. Adapted from (Conklin et al., 2011) 
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Figure 1-3: TACS-3 Leads to local invasion. TACS-1 (A) is observed away from the embedded cancer 
cells. TACS-2 (B) does not allow local invasion of cancer cells. TACS-3 (C, D) enables local invasion. 
Reused with permission from (Provenzano et al., 2008) 
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Figure 1-4: Human mammary fibroblasts expressing high levels of Syndecan-1 align fibronectin. A) 
Confocal microscopy images of fibronectin matrices that contained either wild-type (mock) or Sdc1 over 
expressing human mammary fibroblasts. The human mammary fibroblasts were removed and the fiber 
alignment led to increased directionality (B) and invasion (C) of MDA-MB-231 cells. Reproduced with 
permission from  (Yang & Friedl, 2016) 
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1-5 Methods of aligning collagen I fibers. There are multiple methods of aligning collagen fibers. A) 
Decreasing the width of microfluidic channels causes collagen fibers to form with increased alignment (P. 
Lee et al., 2006). B) Magnetic beads placed in a magnetic field during collagen polymerization increases 
alignment due to the alignment of the beads (Guo & Kaufman, 2007). C) External mechanical forces 
following polymerization deform the collagen matrix such that the fibers align (Riching et al., 2014). 
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Figure 1-6: Collagen alignment results in increased migrational persistence. MDA-MB-231 cells 
embedded in mechanically aligned 2mg/ml collagen gels (A) migrate along the collagen fibers more 
persistently than cells embedded in non-aligned collagen gels (B). (Riching et al., 2014) 
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Chapter 2: Materials and Methods 
General protocols that are well established or are used throughout the 
dissertation work are described here, while protocols developed specifically for 
this dissertation project are described in detail in later chapters. As the protocols 
have constantly evolved throughout this dissertation occasionally there will be 
slight differences from the general protocol described below. These slight 
differences will be acknowledged within chapters 3-5 when they occur. Unless 
otherwise noted, all experiments were carried out by Alexander Bloom. All 
collaborations will be detailed at the start of any chapters where the collaborated 
work is reported. 
 
2.1 Collagen I Gel Preparation 
High density collagen I from rat tail (BD Biosciences) was added to an 
equal amount of 1x neutralizing solution (100mM HEPES in 2x phosphate 
buffered saline, pH 7.3). Final concentration of the collagen I gels ranged from 2 
mg/ml to 4 mg/ml, with the remaining volume composed of 1x phosphate 
buffered saline, pH 7.3 and small quantities of media from spheroid transfer. 
 
2.2 Cell culture and Spheroid Formation 
The triple-negative breast cancer-derived cell line MDA-MB-231 was 
maintained in flasks with DMEM (Fisher Scientific) supplemented with 10% fetal 
bovine serum (ATCC) and penicillin/streptomycin (Fisher Scientific). The non-
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cancer derived breast cell line MCF10a was maintained in flasks with DMEM/F12 
(Fisher Scientific) supplemented with 5% Horse serum (ATCC), 20ng/ml EGF 
(Peprotech), 0.5 mg/ml Hydrocortisone (Sigma-Aldrich), 100 ng/ml Cholera Toxin 
(Sigma-Aldrich), 10 ug/ml insulin (Sigma-Aldrich), and penicillin/streptomycin. To 
form spheroids, the cells were trypsonized and counted using a hemacytometer. 
150 ul of media containing 10,000 MDA-MB-231 or 15,000 MCF10a cells were 
plated on solidified 1.5% (w/v) agarose. The agarose provides a non-adherent 
surface and the cells are incubated for 72 h at 37°C and 5% CO2. For 
experiments involving microscopy, after spheroid formation, the spheroids were 
treated with the cytoplasmic stain CMRA-orange live cell tracker (Invitrogen) 
(5uM 1 hour at 37°C and 5% CO2). 
 
2.3 Microscopy 
Collagen I fibers were visualized by confocal reflectance microscopy using an 
inverted scanning confocal microscope (Olympus FV1000) with a 60x 1.2 N.A. 
water immersion lens. The collagen I gels were excited with a 488nm laser and 
light between 488nm and 495nm was collected. To visualize the cells within the 
collagen I gels, confocal fluorescent images were taken simultaneously using 
cells stained with CMRA-orange live cell tracker (Invitrogen), 543nm excitation 
with detection peaking at 568nm. 30µm stacks with a ΔZ = 0.5µm were taken. 
Ideally four stacks of images around the spheroid were taken, however 
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occasionally fewer stacks were acquired if there has been damage to the sample 
during the preparation.  
 
2.4 Western Blotting 
For each sample, 96 spheroids were isolated. Spheroids grown on 
agarose were transferred via pipetting to an Eppendorf tube and spun down for 5 
min at 1500 rpm and the supernatant removed. For spheroids embedded in 
collagen I, the collagen I gels were removed via pipetting and transferred to a 15 
ml falcon tube and spun down for 5 min at 1500 rpm. The supernatant was 
aspirated off and the remaining collagen I gels were treated will collagenase 
according to manufactures instructions in a 37°C until the collagen I is degraded. 
The samples are spun down and the supernatant once against removed. Lysis 
buffer (150 mM NaCl, 50 mM Tris pH 8.0, 1% Triton, 0.05M EDTA, HALT 
protease inhibitor, HALT phosphatase inhibitor) was added and the samples kept 
on ice for 2 h. 5x SDS-page loading buffer was added to each sample and the 
samples are boiled at 100°C until the sample is homogenous. Samples were 
electrophoresed on a 6% SDS polyacrylamide gel at constant amperage in a 
Tris-Glycine SDS run buffer and transferred to PDVF membrane (100V, 90 
minutes) using a Tris-Glycine buffer. The membranes are blocked for 45 min in 
5% milk (w/v) in TBST and probed overnight at 4°C using an anti-integrin β1 
antibody (1:10,000) (Santacruz) or an anti-GAPDH antibody (1:5000) 
(Santacruz). The next day the membranes are washed 3x with TBST and probed 
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with secondary antibodies conjugated with HRP (1:5000) for 2 h. Membranes are 
washed 3x with TBST and then treated with either WestFempto ECL kit (for 
integrin β1) or WestPico ECL kit (for GAPDH). The blots are imaged using X-ray 
film (Fisher Scientific) and protein quantification performed by ImageJ. 
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Chapter 3: An In Vitro Assay to Visualize Collagen I Fiber Alignment 
3.1 Introduction 
Much of our understanding of underlying mechanisms governing cell 
functions such as proliferation, differentiation, and migration comes from 
research focused on cells cultured in monolayers (Cukierman et al., 2001b; Kim, 
2005). While this method is less complex, provides repeatability, and cost 
effective than animal models, these monolayers lack the morphology, mechanics, 
and the biochemical characteristics of cells in vivo (Griffith & Swartz, 2006). 
Studies show that more physiologically relevant 3D environments can lead to 
cellular processes that are substantially different from cellular behavior observed 
in 2D (Birgersdotter et al., 2005; Harjanto & Zaman, 2010). When cultured in 2D, 
adherent cells form adhesion junctions with localized protein aggregates along 
the basal surface. However, when these cells are placed in a 3D environment, 
the proteins that make up the adhesion junctions no longer localize to the same 
extent but instead are dispersed throughout the cell with local activation resulting 
in protrusion formation (Fraley et al., 2010). Previous studies within our lab have 
shown that single cells embedded in collagen I gels will modify their surrounding 
matrix (Harjanto et al., 2011) by increasing pore size and decreasing collagen I 
fiber density. 
Investigating the interaction between cells and collagen I organization 
requires a 3D environment. However, the majority of these investigations have 
focused on the effects of collagen I remodeling on the cells and not the effect of 
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the cells on collagen I remodeling. The majority of assays developed so far 
involve non-cellular methods of aligning collagen I fiber matrices. External 
mechanical strains applied after collagen polymerization (Riching et al., 2014), 
microfluidic channels (Lanfer et al., 2008), and magnetic fields (Guo et al., 2007) 
have all been used to align collagen I fibers and while the conclusions drawn 
from these experiments are valuable, such as cells migrating more persistently 
along aligned collagen I fibers than unaligned fibers, our understanding of how 
this alignment occurs in vivo is still lacking. 
There are two methods that are generally used to embed single cells into 
collagen I matrices. The first is a simple embedding method where cells are 
suspended in an un-polymerized collagen I matrix and then transferred to an 
incubator to polymerize the collagen I matrix. While the cells are suspended in 
the matrix, there may be an uneven distribution with more cells settling towards 
the bottom and depth effects may be observed. A second method is a sandwich 
method in which an initial layer of collagen I is allowed to polymerize, a layer of 
cells is added and given time to adhere to the first layer, and finally a second 
layer of collagen I is added. With this method all of the cells are at the same 
depth, however, the two layers of collagen I do not always perfectly mesh 
together, possibly introducing artefacts in the cell behavior due to being at the 
interphase between the two layers. Our first attempts to create an in vitro assay 
to investigate the ability of spheroids to align collagen I matrices were done using 
both the simple embedding and the sandwich method. Ultimately both proved to 
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be ineffective for our assay, with the spheroids embedded in collagen I using the 
simple embedding process sinking to the bottom of the collagen I gels and 
always resulting in gaps forming between the spheroid and the collagen I (Figure 
3-1) and the sandwich method leading to the spheroid being further away than 
the working distance of our microscope. As such we developed a novel assay to 
visualize collagen I matrices in the presence of spheroids and have observed 
collagen I alignment similar to the alignment described in vivo by Conklin et al. 
(2011) and Brabrand et al. (2014). 
 
3.2 Methods 
3.2.1 Embedding Spheroids into Collagen I 
 Spheroids were grown on agarose as described in 2.3. Because cells will 
backscatter some of the laser light during the acquisition of collagen I fibers by 
confocal reflectance microscopy it is necessary to be able to subtract out the 
cells from any acquired image. To accomplish this, once the spheroids are 
formed, they were treated with 5uM CMRA-orange CellTracker stain (Invitrogen) 
for 1 h. The CMRA stain is normally cell permeable, however once inside the 
cells, enzymes within the cell cleave the molecule causing its new conformation 
to be fluorescent and impermeable. As a result, there is little background 
fluorescence as the surrounding media has minimal amounts of the cleaved 
CMRA dye and the cells remain stained through several generations. Collagen I 
was made as described in 2.1, such that the desired concentration of 2mg/ml is 
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reach after an additional 5µl of volume was added. 75ul of the collagen I solution 
was pipetted onto an ice cooled 24-well glass bottom dish (MatTek). Glass is 
used instead of plastic due to the collagen I adhering better to glass than plastic. 
Once the CMRA incubation is complete the spheroids are transferred via 
pipetting (5µl of volume is transferred) to the collagen I (Figure 3-2C). The plates 
were incubated at 37°C 5% CO2 for 1 h, inverting the plates every 3 min. This 
constant inversion results in the spheroid settling in the middle of the collagen I. 
After the collagen I polymerizes 500µl of media was added to each well by 
forceful pipetting, floating the collagen I gel off the glass bottom plate (Figure 3-
2D). These floating gels have no anchorage to the bottom or sides of the well 
and therefore no external forces are applied to the gel. The plates are returned to 
the incubator for the desired length of time with media being replaced every 72 h. 
 
3.2.2 Preparation of Collagen I Slices for Imaging 
  To avoid any issues in the spheroid being too far away from the glass 
bottom of the well to be imaged the gels were sectioned into 300µm slices and 
each slice imaged individually. There are two methods of preparing samples for 
cutting: paraffin embedding and cryofreezing. While paraffin embedding is 
typically used for tissue samples due to the long term stability of sections at room 
temperature, paraffin embedding requires dehydration of the sample by either 
ethanol or sucrose. This dehydration will likely modify the structure and 
organization of collagen I fibers and therefore is not useful for these experiments. 
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Cryofreezing does not require dehydration, however, the samples are not as 
stable as the paraffin embedded samples and require fixation prior to freezing. 
This fixation, usually with formaldehyde, can lead to cross-linking interference of 
epitopes and potentially decrease antibody binding. For this dissertation, those 
drawbacks are not factors as the gels are cut and imaged within days of 
cryofreezing and we do not use any antibodies in these experiments. At the 
desired time points, the plates containing the floating collagen I gels were 
removed from the incubators and treated overnight with an equal volume of a 
10% formaldehyde solution (final 5%) to fix the samples (Figure 3-2E). The next 
day the gels were transferred to cryomolds containing Optimum Cutting 
Temperature compound (O.C.T. Fisher Scientific). The cryomolds were 
submerged in a liquid nitrogen-cooled 2-methylbutane bath. 2-methylbutane is 
used instead of just liquid nitrogen to promote even freezing of the O.C.T. 
embedded collagen I gels since liquid nitrogen boils rapidly at room temperature 
and bubbles of nitrogen gas form within the liquid. Gas heat exchange is less 
effective than liquid heat exchange. The now frozen blocks are transferred to a -
80°C freezer overnight and, the next day, cut into 300µm slices using a HM 525 
Microtome Cryostat. The frozen slices are placed on glass coverslips (Figure 3-
2G) and each slice was visualized using light microscopy to determine which 
slice or slices contained the spheroid. Those slices identified as containing the 
spheroid were mounted onto glass slides, sealed, and imaged immediately as 
described in section 2.3. 
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3.2.3 Qualitative Analysis 
 Once all stacks of images are acquired, the stacks are blinded and 
visually inspected using ImageJ. Each stack is characterized as either having no 
visible collagen fiber alignment, collagen fibers aligned parallel to the spheroid 
surface, or collagen fibers aligned perpendicular to the spheroid surface. If all of 
the stacks acquired from one spheroid have no visible collagen alignment the 
spheroid is classified as having no visible collagen alignment. Spheroids that 
have at least one stack with collagen aligned perpendicular to the spheroid 
surface are classified as having collagen aligned perpendicular to the spheroid 
surface. All other spheroids are classified as having collagen aligned parallel to 
the spheroid surface. 
 
3.3 Results 
3.3.1 MDA-MB-231 Align Collagen I Matrices 
 To determine if the MDA-MB-231 spheroids are able to align collagen 
fibers, all images acquired are pooled together and blinded such that no 
identification of the origin of the images can be made. The images are visually 
inspected and qualified as either having no visible aligned collagen I (Figure 3-
3A), collagen I fibers aligned parallel to the spheroid surface (Figure 3-3B), or 
collagen I fibers aligned perpendicular to the spheroid surface (Figure 3-3C). 
Spheroids composed of the highly metastatic, breast cancer derived MDA-MB-
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231 were capable of aligning collagen I fibers after roughly 72 hours. Spheroids 
are considered to have perpendicularly aligned collagen I if at least one image 
stack has collagen I aligned perpendicularly. Spheroids with collagen I fibers 
aligned parallel to the spheroids surface, but no images of the fibers being 
aligned perpendicularly are classified as parallel alignment. All other spheroids 
are classified as no alignment (Figure 3-3D). Consistent with the in vivo results 
reported by Conklin and Brabrand (Brabrand et al., 2014; Conklin et al., 2011), 
spheroids did not have perpendicular collagen I alignment uniformly around the 
spheroid, but instead only in certain areas. 
 
3.3.2 MCF10a Spheroids do not Align Collagen I Matrices 
To rule out that the observed alignment is an artefact simply from a 
spheroid being present within the collagen I gel we repeated the experiment with 
spheroids composed of the non-cancerous MCF10a breast cell line and once 
again classified the images (Figure 3-3D). Spheroids of approximately equal 
sizes are used (10,000 cells for MDA-MB-231 and 15,000 cells for MCF10a) to 
reduce the likelihood of size of the initial spheroid contributing to any changes 
(Figure 3-4). None of the image stacks acquired had collagen present that was 
aligned perpendicular to the spheroid surface. 
 
3.4 Discussion 
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 Matrix remodeling is critical in cell migration and metastasis. Developing 
physiologically relevant 3D cellular assays is paramount to investigate this 
interaction between cells and the surrounding ECM. Previous methods have 
primarily used non-physiological techniques to align collagen I fibers to observe 
the influences of aligned collagen I fibers on cells. Furthermore, these studies, 
while very informative on the increased persistent migration of cell along aligned 
collagen I fiber, have primarily focused on the effect of the aligned matrix on 
individual cells, with little focus on the effects on multicellular populations. Most 
studies performed with visualizing collagen I have used second harmonic 
generation with two photon microscopy, a microscope setup more expensive and 
less commonly found than confocal setups. In this chapter we have described an 
assay designed to observe spheroid induced collagen I fiber alignment using 
confocal microscopy. 
 Traditional methods of embedding single cells in collagen I matrices were 
not useful when using confocal microscopy. The simple embedding resulted in 
the spheroid sinking to the bottom of the collagen I gels and gaps forming 
between the spheroid and collagen I fibers. As the gap developed over time in 
multiple samples, we believe that this was due to the spheroid being in close 
proximity or in contact with the rigid glass surface as cell stiffness has previously 
been reported to be regulated by substrate rigidity (Tee et al., 2011). To eliminate 
these gaps, spheroids were embedded into floating collagen I gels in which no 
gaps were ever observed. Due to the working distance of the confocal 
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microscope we fixed and sectioned the spheroid embedded collagen I cells. 
While a small number of samples were lost during the cutting process, either 
from the spheroid being near the collagen I periphery and being sliced off 
unintentionally or with the cutting process damaging the collagen I gel, more than 
70% of the samples were viable for imaging. 
 The MDA-MB-231 breast cancer-derived cell line was selected for this 
assay for a few reasons. First and foremost, the MDA-MB-231 cell line was 
derived from a metastasized site and has been described in literature to be highly 
metastatic (Bailey et al., 2012). We hypothesized that being highly metastatic, 
the MDA-MB-231 cell line had a good chance of being able to align the collagen I 
fibers to promote migration away from the spheroid. Collagen I surrounding the 
MDA-MB-231 spheroids showed three distinct organizations: no visible alignment 
of the fibers, alignment of the fibers parallel to the spheroid surface, and 
alignment of the fibers perpendicular to the spheroid surface. These thee 
organizations appear to correlate to the three TACS observed in vivo as 
described by Provenzano et al. (2009). Furthermore, as seen with TACS-3, 
collagen I fibers were not aligned perpendicularly around the entire spheroid but 
instead only in some locations. The perpendicular alignment was not seen in any 
of the initial collagen I gels processed on day 0 meaning that it is likely that the 
collagen I fibers originally had no alignment or alignment parallel to the spheroid 
surface and after a period of time, the spheroid remodeled some of the 
surrounding collagen I fibers to their observed perpendicular alignment. It is 
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possible that we are underestimating the number of spheroids that are aligning 
collagen I fibers perpendicular to the cell surface, because we can only image 
within the XY plane. If the alignment was occurring in the Z direction it would be 
impossible to visualize the alignment as the fibers would be parallel to the laser 
and minimal backscatter would be observed from those aligned fibers. However, 
the fact that we consistently saw no alignment in day 0, and over 50% of the 
samples had perpendicularly aligned collagen I in days 3 and 5, led us to 
conclude that there was likely no such alignment at day 0. It should be noted that 
the MDA-MB-231 cell line has many mesenchymal cell markers (Yin, 2011) 
whereas breast tumors arise from epithelial cells. However, as previously 
described, once the initial tumor forms, the cells undergo EMT, and it are these 
mesenchymal cells that migrate away from the cell tumor to colonize secondary 
sites. While we could have investigated cell lines with a more epithelial 
phenotype such as the MCF-7 or T47D breast cancer derived cell lines, we were 
interested in identifying cell lines capable of aligning collagen I fibers 
perpendicular to the spheroid surface and believed that the highly metastatic 
MDA-MB-231 cell line was more promising.  
 To ensure that this alignment was not an artefact of the spheroid being 
present in the collagen I we used spheroids made of the non-cancerous breast 
cell line MCF10a. This cell line is routinely used as a control in cell culture and in 
vitro experiments for normal breast cells. Their epithelial phenotype is 
characterized by their cobblestone appearance and high degree of cell to cell 
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contact opposed to the mesenchymal phenotype of the MDA-MB-231 cells. As 
such we hypothesized that there would be minimal reorganization of the collagen 
I fiber alignment. Since the MCF10a cells are smaller and may pack differently 
than the MDA-MB-231 cells, we created spheroids of similar sizes to minimize 
the role of spheroid size in alignment. As expected, none of the MCF10 
spheroids reorganized the collagen I fibers perpendicular to the cell surface. 
Through these experiments we conclude that we have developed a novel 
assay for assessing the influence of spheroids on the organization of the 
surrounding collagen I fibers. Furthermore, this assay will provide the 
experimental platform to identify mediators of this interaction. 
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3.5 Figures 
 
Figure 3-1: Gaps between collagen I and spheroids form after 72 hours. Representative confocal 
image. Spheroids of MDA-MB-231 cells (left) were embedded in 2 mg/ml collagen (right) and after 72 h gaps 
form between the spheroid and collagen. Scale bar: 50µm 
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Figure 3-2 Flowchart of section preparation for imaging. (A) Cells grown on 2D are trypsonized, counted 
and plated onto a layer of 1.5% agarose (w/v). (B) After 72 hours the spheroids are treated with a 
cytoplasmic stain, transferred to collagen (C), and incubated for 1 hour at 37° and 5% CO2, inverting the 
plate every 3 minutes. Once polymerized, the collagen I gel is dislodged by pipetting media into the well (D) 
and then incubated until desired time is reached. (E) The spheroid embedded gel is treated with 10% 
paraformaldehyde (5% final) overnight at room temperature to fix the sample. (F) The fixed gels are 
transferred to O.C.T. filled cryomolds and cryofrozen in liquid nitrogen cooled 2-methyl-butane bath and 
stored overnight at -80°. (G) The frozen gels are sectioned and slices containing the spheroid are mounted 
onto coverslips for imaging. 
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Figure 3-3 Three types of collagen I organization are observed. Spheroids composed of either MDA-
MB-231 or MCF10a cells are embedded in 2mg/ml collagen I. After 0, 3, and 5 days the gels are prepared 
for imaging. These representative images show collagen fibers, in the presence of spheroids, either having 
no visible alignment (A), alignment parallel to the spheroid surface (B), or perpendicular to the spheroid 
surface (C). All images are blinded and categorized as either having no visible alignment, having collagen 
fibers aligned parallel to the spheroid surface, or having collagen fibers aligned perpendicular to the 
spheroid surface. The MDA-MB-231 spheroids aligned collagen fibers perpendicular to the spheroid surface 
after 72 hours, while MCF10a spheroids did not (D) (N=4). Scale bar 50µm. 
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Figure 3-4 MDA-MB-231 and MCF10a spheroid sizes. Spheroids of various sizes 
composed of MCF10a and MDA-MB-231 cells were generated on agarose. After the 
spheroids formed the spheroids were imaged and the diameters were measured using 
imageJ and plotted (N=16). The MCF10a spheroids were always smaller than the MDA-MB-
231 spheroids composed of the same number of cells. 
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Figure 3-4 MDA-MB-231 and MCF10a spheroid sizes. Spheroids of various sizes composed of MCF10a 
and MDA-MB-231 cells were ge erated on agarose. After the spheroids formed the spheroids w re imaged 
and the diameters were measured using imageJ and plotted (N=16). The MCF10a spheroids were always 
smaller than the MDA-MB-231 spheroids composed of the same number of cells. 
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Chapter 4: Rapid Quantification of 3D Collagen I Fiber Alignment and Fiber 
Intersection Correlations with High Sensitivity 
4.1 Introduction 
 While collagen density has been studied in regard to cancer invasiveness 
(Harjanto et al., 2011) and diffusion of therapeutics (Erikson et al., 2008), 
quantitative methods for determining collagen fiber orientation has largely been 
ignored. Collagen I fiber alignment facilitates an increase in the persistence of 
migration and is critical in wound healing, where traction forces from cells are 
responsible for reorienting collagen I fibers (Abhilash et al., 2014a; Stopak & 
Harris, 1982). This reorientation in turn guides cell migration and polarization 
(Guido & Tranquillo, 1993).  
 Several groups have used methods to determine the relative orientation 
distribution of whole images to determine collagen fiber alignment. Kim et al. 
(2006) used the fast Fourier transform (FFT) to calculate the relative orientation 
intensity in frequency domain, while several others have used the Curvelet 
transform to calculate collagen fiber network orientation (Bredfeldt et al., 2014; 
Candès et al., 2006; Eliceiri et al., 2014; Riching et al., 2014). Others have used 
pixel-by-pixel analysis. Abhilash, Daniels, and Vader independently calculated 
the principal curvature directions of each pixel within an image from Hessian 
matrices (Abhilash et al., 2014b; Daniels et al., 2007; Vader et al., 2009). 
Hessian matrices give detailed and accurate orientation estimations, however, 
they are computationally expensive due to the solving process of the eigenvalue 
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and eigenvector of the matrices at each pixel. Less computationally complicated, 
pixel-by-pixel, algorithms have been used. Both Karlon and Kaunas utilized a 
local first-order intensity gradient to quantify orientation (Karlon et al., 1999; 
Kaunas & Hsu, 2009). This was faster than the Hessian matrices however it also 
gave less accurate information. Here we chose to adapt a biometric fingerprint 
algorithm originally used by Nawroth to identify actin fiber alignment in the 
muscle cells of engineered jellyfish (Nawroth et al., 2012) and built upon it by 
incorporating the squared gradient vector to enhance the accuracy of the pixel-
by-pixel orientation calculation (Hong et al., 1998). 
In this chapter, we present two different algorithms for accurate detection 
of collagen I fiber orientations and apparent collagen I fiber intersections. The 
rapid pixel-wise alignment algorithm quantifies the alignment of both computer-
generated in silico images and actual in vitro collagen I fiber networks of varying 
degrees of alignment within 5°. The second algorithm counts the number of 
apparent intersections within an image. Both algorithms are used in conjunction 
to demonstrate a negative correlation between the degree of fiber alignment and 
the number of apparent intersections. 
 
4.2 Materials and Methods 
4.2.1 Collagen I Gels 
MDA-MB-231 spheroids were prepared as described in Chapter 2.2. To 
generate aligned collagen I fibers, two MDA-MB-231 spheroids were transferred 
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by pipetting into unpolymerized collagen I, in close proximity to each other. No 
inversion, fixation, cryofreezing, or sectioning is performed, instead the spheroids 
are allowed to sink to the bottom of the plate and the collagen I between the two 
spheroids is imaged. Unaligned collagen I fibers are generated by using acellular 
collagen I gels. 
 
4.2.2 Generation of in Silico Images 
In silico images were created to test the accuracy of the collagen I orientation 
calculations. Using Matlab (R2009b, MathWork, Inc., US) computer generated 
images were created with the fibers being straight line segments. Values of 
collagen I fiber length, width, and fiber fraction have been previously reported in 
literature (Harjanto et al., 2011). To create the in vitro like images, the lengths of 
the fibers were given a Gaussian distribution over the range of lengths reported 
(5µm to 60µm) and given widths ranging from 2 µm to 20 µm. The widths were 
created by blurring the generated fibers with a Gaussian filter kernel convolution. 
To determine how many fibers would need to be created in each generated 
image, we gradually increased the number of fibers until the fiber fraction 
(percent of the image that contained ‘fiber’ pixels) until we reached 15%, 25%, 
and 35% for 2, 3, and 4 mg/ml equivalents respectively, and also 61% as the 
maximum fiber fraction that could be achieved. To control the degree of 
alignment, a random mean orientation with a Gaussian distribution was selected 
for each computer-generated image. The standard deviation is decreased to 
57 
 
make the fibers more aligned, and increased to make the fibers less aligned. To 
mimic any noise due to the microscope acquisition of collagen I gels Poisson 
noise was added (Daniels et al., 2007). For the non-aligned random images, the 
fibers were simply assigned to have random orientations. For each degree of 
alignment, 15 images were generated (Figure 4-1A). 
 
4.2.3 Orientation Image Analysis 
 Each frame within the stacks of acellular and spheroid embedded collagen 
I gels is analyzed using the algorithm developed in Matlab. The algorithm first 
calculates the collagen I orientation at each pixel. Originating from Hong et al. 
(Hong et al., 1998) and Rao et al. (Rao, 2012) the orientation vector of each pixel 
(i,j) is calculated by the squared x and y components of gradients: 
 
where Gx and Gy are the gradient vectors in the x and y directions calculated via 
convolution with the gradient of Gaussian function with a sigma value of 1 and 
size 7 x7 pixels. The gradient vectors are smoothed by a second Gaussian filter 
with a sigma value of 2 and size 13 x 13 pixels to optimize the performance of 
the algorithm. The orientation is given by (Kass & Witkin, 1987) 
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This four-quadrant inverse tangent function is used such that the orientation 
range from 0° to 180°. This squared gradient method enhances the orientation 
detection as the same orientation gradient vector is reinforced by its opposite 
direction gradient vector. Like the Hessian matrix method, this method calculates 
the orientation from enhanced forms of gradients, providing higher accuracy 
compared to pixel gradient methods described previously. Furthermore, this 
method avoids the computationally costly eigenvector and eigenvalues solving 
process. 
 Following the orientation estimation, a mask filters each pixel based on a 
fiber intensity threshold to determine the collagen I fraction in each image. The 
intensity threshold was considered optimized when nearly all collagen I fibers 
seen by eye were identified by the algorithm with minimal background noise. The 
fiber fraction calculated in acellular collagen I gels using this threshold were 
similar to previous data at the same fiber concentration (Harjanto et al., 2011). 
Pixel orientation histograms are plotted to visualize pixel-wise orientation 
distribution (Figure 4-1C). The error of this algorithm is calculated on artificial 
fibber-like images with varying degrees of alignment, created as described 
above. With orientation calculated at each pixel, the alignment index (AI) (Pang 
et al., 2011) is calculated to provide a simple quantitative metric of the degree of 
alignment of the collagen I fibers: 
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Where θth is the mean orientation angle among the collagen I fibers and N is the 
total number of fiber fraction pixels counted. The AI values ranges from 0 to 1, 
with an AI value of 1 meaning that the fibers are perfectly aligned in the same 
direction, while an AI value of 0 means that there is a completely equal 
distribution of all orientations. 
 
4.2.4 Intersection Image Analysis  
To quantify the number of apparent collagen I fiber intersections, a second 
algorithm using the Matlab morphological functions (Haralock & Shapiro, 1991; 
Kong, T. Yung, and Azriel Rosenfeld, 1996; Lam et al., 1992; Pratt, 1991) was 
used. A 2x2 pixel Wiener filter was first applied to remove noise within the 
images. The intensity threshold used for the orientation algorithm was applied to 
distinguish the fibers from background noise. For pixels with no orthogonal 
neighbors but only diagonal neighbors a diagonal fill function connected the 
pixels. Any remaining isolated pixels or small spurs off the fibers were deleted. 
An interior fill was performed connecting any isolated pixels within the collagen I 
fibers. The fibers were skeletonized to create a wire frame of the collagen I fibers 
and spurs were once again deleted. Fiber intersections were identified at pixels 
that have more than two branches. To decrease multiple counting of single 
intersections due to the skeletonization, intersections within five pixels were 
considered a single intersection. 
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 Generated fiber-like images were once again used to validate the 
intersection quantification algorithm. The theoretical number of intersections of 
these fiber-like images was determined using linear geometry properties: if the 
endpoints of one linear fiber were separated by a second linear fiber then the two 
fibers intersect and the algorithm calculates the exact location of this intersection. 
The percent error between the theoretical and the estimated number of 
intersections was calculated to indicate the accuracy of the algorithm. 
 
4.2.5 Statistical Analysis 
 Kolmogorov-Smirnov (KS) statistics were used to demonstrate that the 
pixel orientation algorithm is estimated accurately within the large dataset (N ~ 
65,000) by comparing the theoretical and the estimated orientations. Hypothesis 
tests based on these KS statistics were not possible due to the large data 
virtually guaranteeing a statistically significant difference between the theoretical 
and estimated orientations. KS statistics identify the maximum difference 
between the theoretical and estimated cumulative distribution functions (CDF) 
and it was this difference that was used to estimate the error in the orientation 
detection algorithm. 
 The correlation between the degree of alignment and the number of 
collagen I fiber intersections was examined by maximum likelihood multi-linear 
regression (MLMLR). Both the ANOVA test and the 95% confidence intervals of 
the regression coefficients show the significance of the dependence and 
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correlation. The residuals of the MLMLR model also had a normal distribution, 
without changing the distribution patterns along the change of the degree of 
alignment or fiber fraction. 
 
4.3 Results 
4.3.1 Validation Using Computer Generated Images 
 The orientation algorithm was tested initially on computer-generated 
images designed to mimic acellular collagen I gels. Varying the standard 
deviation in the distribution of orientation of the fibers verified that the quantitative 
algorithm was able to distinguish small differences in the degree of alignment. 
Both computer generated images of random (Figure 4-2A) and aligned (Figure 4-
2B) fibers have similar orientation CDF when comparing the calculated and 
theoretical values (Figure 4-2C and 4-2D). The high accuracy of the algorithm 
was seen in the roughly 5% difference in CDF among varying degrees of 
alignment from 0 to 0.94 (Table 4-1). The algorithm was also able to detect a 5° 
change in the standard deviation of orientation (Figure 4-2E). Compared to a 
second previously published collagen I fiber network orientation quantification 
algorithm, CurveAlign (Candès et al., 2006; Eliceiri et al., 2014; Y. Liu et al., n.d.; 
Vader et al., 2009), based on Curvelet transform theory, our algorithm took less 
time to run on each image, 0.588 s for our algorithm and 1.409 s for CurveAlign. 
Additionally, our algorithm was more accurate than the CurveAlign algorithm 
(Figure 4-2C and 4-2D). 
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4.3.2 Quantification of Alignment in Collagen I Gels  
Once validated with the computer-generated images, the collagen I fiber 
alignments of acellular (Figure 4-3A) and spheroid embedded (Figure 4-3B) 
collagen I gels were characterized with the algorithm. The acellular 2mg/ml 
collagen I gels had an orientation histogram with no well-defined peak (Figure 4-
3C) while the spheroid embedded gels had a well-defined peak (Figure 4-3D). 
Acellular and spheroid embedded 3mg/ml collagen I gels had similar histograms 
(Figure 4-4C and 4-4D). To make direct comparisons the AI value was computed 
from the fiber orientation data. There were several observations from these 
quantitative results. First, the acellular collagen I gels, with their lower AI values, 
were easily distinguishable from the relatively higher AI spheroid embedded gels. 
Secondly, the difference in AI values between acellular gels of 2, 3, and 4 mg/ml 
were all statistically significant as tested by Welch two sample t-test (P < 0.05). 
Lastly, the degree of collagen I fiber alignment in spheroid embedded collagen I 
gels (AI ~ 0.4) was less than the degree of alignment previously reported by 
external strains (AI ~0.7) (Riching et al., 2014), possibly due to the contractile 
forces of the spheroids being less than that of the external strain applied to the 
gels. 
A second method of estimating the AI from only the standard deviation of 
the pixel orientations was also be used since the AI values are only a measure of 
degree of alignment and are independent of directionality and distribution pattern. 
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This method can be used in conjunction with previously reported methods of the 
standard deviation of fiber alignments. In one such paper, Provenzano et al. 
(2006) quantified the standard deviation of fiber alignments in the intratumoral, 
juxtatumoral, and extratumoral regions of breast cancer patients. With those 
standard deviations this fast AI algorithm could rapidly determine the degree of 
collagen I fiber alignment from a tissue biopsy. 
 
4.3.3 Identification and Quantification of Collagen I Fiber Intersections 
 Using the same set of computer-generated images from the fiber 
alignment validation, the intersection quantification algorithm was validated with 
an average error around 5% in both 2 mg/ml and 3mg/ml equivalent gels. Manual 
counts performed on 20 50x50 pixel squares of fiber intersections of the actual in 
vitro images were also used to reflect error in the algorithm. This error was 
roughly 15% on average, as calculated by the percentage error between manual 
count and algorithm count. Spheroid embedded gels, as expected, had a 
decrease in the intersection number as compared to their acellular counterparts 
(Figure 4-5B). A negative correlation between the AI and fiber intersection 
number was identified by analysis of the artificial images and supported with the 
intersection quantification results of the in vitro collagen I gels (Figure 4-5A). For 
this correlation between alignment and number of intersections, it is crucial to 
account for the change in intersection number due to fiber fraction. A maximum 
likelihood multi-linear regression method was used: 
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Here Nintersection is the number of collagen I fiber intersections, AI is the alignment 
index, fiber% is the collagen I fiber fraction, βi is the regression or the correlation 
coefficient, (i = 0, 1, or 2), and ε is the residuals from the regression model. The 
95% confidence intervals of each regression coefficients were: β0 ~ (-92.4, -80.7) 
β1~(-45.0, -11.3) and β2 ~(18.4,18.9). All of these correlations were determined to 
be significant through ANOVA test (P < 0.05). The residuals of the regression 
model (ε) had a mean of zero and were not correlated with either AI or fiber 
fraction. 
 
4.4 Discussion 
 Accurately measuring the degree of collagen I fiber alignment has the 
potential to provide a prognosis for breast cancer survival. As described by 
Brabrand (2014) and Conklin (2011) there is a correlation between the presence 
of TACS-3, alignment of collagen I fibers perpendicular to the tumor surface, and 
patient survival rate. A rapid and accurate image analysis algorithm is needed 
not just for identification of alignment in biopsied samples but also for use in 
laboratory settings to investigate the exact cause of this alignment. Here we have 
demonstrated a new algorithm combining aspects of a biometric fingerprint 
algorithm, originally developed to measure actin fiber alignment in the muscle 
cells of jellyfish (Nawroth et al., 2012), and a squared gradient vector (Hong et 
al., 1998) to measure the alignment of collagen I fibers more accurately than 
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non-pixel-by-pixel approaches and more rapidly than algorithms that utilize 
hessian matrices. 
 The validation on the computer-generated images extends the work by 
Daniels (2006) and Vader et al. (2009) by incorporating fiber width, length 
distribution, and most importantly the degree of fiber alignment into the 
generated fibers. As a result, our algorithm provides information on different 
alignment patterns and provides a platform for collagen I fiber feature detection in 
scenarios where there is a very large data sample and canonical statistical tests 
are not available. Furthermore, our algorithm was incredibly accurate with less 
than 5% error for most degrees of alignment, and less than 8% error for 
everything but the most aligned in silico collagen I images. We then moved from 
the theoretical application of our algorithm to the practical, analyzing the 
alignment of in vitro collagen I fibers, with our algorithm evaluating aligned 
collagen I matrices in both 2mg/ml and 3mg/ml collagen I gels having AI values 
of roughly 0.4, while the non-aligned fibers having AI values around 0.1. To 
separately study the two entangled factors of alignment and fiber intersection we 
used the most likelihood multi-linear regression and ANOVA providing the 
relationship between the two factors. This was enabled by the development of a 
separate algorithm to identify fiber intersection by skeletonizing the collagen I 
fiber image. One of the more unexpected findings with the algorithm was that the 
AI values of the different acellular collagen I gels were significantly different. A 
mechanism that could lead to this observation has not been previously 
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established but we hypothesize that it may be due to the rates of nucleation and 
elongation of collagen I fibers (Gale et al., 1995). 
Both of the pixel-wise quantitative algorithms created have potential to be 
used to capture ECM reorganization during cell migration or by cell traction as 
these two occurrences sometimes only cause local fiber remodeling (Friedl, 
2004a) which would require a pixel-wise evaluation of individual fibers. Beyond 
fiber orientation, the orientation algorithm could be adapted to detect cell 
membrane curvature within dynamic collective cell clusters (Bassereau et al., 
2014; Farsad & De Camilli, 2003; Sheetz & Dai, 1996). We believe that our 
approach may create avenues for further studies to elucidate the relationships 
between fiber intersections, degree of total fiber crosslinking, and cell migration 
and can further be used to analyze the effects of drugs used to increase 
crosslinks within collagen I gels (Liang et al., 2004; Sisson et al., 2009; 
Sundararaghavan et al., 2009). 
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4.5 Tables 
 
Table 4-1: AI values change according to the standard deviation of fiber orientation in computer-
generated collagen networks. The accuracy of orientation detection was calculated by determining the 
average value of the maximum CDF of 15 computer-generated images for each standard deviation 
condition. The error of the algorithm was determined by taking the average maximum absolute difference 
between the theoretical and estimated CDF values for 15 images. (Sun et al., 2015) 
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4.6 Figures 
 
Figure 4-1: Computer-generated fiber images validate the orientation detection algorithm. The 
computer-generated random fiber network (A) mimicked the actual acellular collagen gel fiber network at 2 
mg/ml (B). Scale bar = 20µm. Histograms of the theoretical (C) and the algorithm determined (D) orientation 
values of the computer-generated fiber network (A) were compared using KS statistics. (Sun et al., 2015) 
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Figure 4-2: Analysis of computer-generated images with differing alignments validates the accuracy 
of the algorithm. Computer-generated randomly distributed (A) collagen and computer-generated Gaussian 
distributed collagen fibers (B) mimicked acellular network and highly aligned collagen fiber networks at 
2mg/ml respectively. Scale bars = 20 µm. (C) and (D): KS plots of (A) and (B) shows that the algorithm 
determined fiber orientations are similar to the theoretical fiber orientation. (E) The resulting AI values, as 
determined by the algorithm, reflected the standard deviation of the computer-generated fiber orientation 
with high sensitivity. Welch two sample t-test P<0.5, all pairs are significantly different except between 70° 
and random. (Sun et al., 2015) 
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Figure 4-3: Spheroid embedded collagen gels at 2 mg/ml favors certain orientations. Images of 
acellular (A) and spheroid embedded (B) 2 mg/ml collagen gels were analyzed using the orientation 
algorithm. Scale bar = 20µm. The orientation histogram (C) for the acellular gel appeared to have a random 
distribution (AI = 0.031) and the spheroid embedded histogram (D) appeared to have an apparent mode 
orientation (AI = 0.416). (Sun et al., 2015) 
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Figure 4-4: Alignment analysis of collagen gels at 3 mg/ml and comparison with 2 mg/ml. Images of 
acellular (A) and spheroid embedded (b) 3mg/ml collagen gels were analyzed using the orientation detection 
algorithm. Scale bars are 20µm. AI values were determined from the histograms of acellular collagen gels 
(C), AI = 0.086 and spheroid embedded collagen gels (D), AI = 0.357. (E) Among all the experimental 
collagen gel images, the AIs of acellular collagen gels are 0.096±0.027 at 2 mg/ml, 0.115±0.031 at 3 mg/ml, 
and 0.127±0.025 at 4 mg/ml. The AIs of 2 mg/ml and 3 mg/ml spheroid embedded collagen gels are 
0.386±0.027 and 0.346±0.079 respectively. All samples are significantly different from each other by Welch 
two sample t-test. (Sun et al., 2015) 
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Figure 4-5: Fiber intersections decrease with increases in degree of alignment. Computer-generated 
fiber networks validated the intersection detection algorithm (A) and identified a general relationship 
between degree of alignment and intersection number. Using ANOVA, the correlation between the AI and 
the intersection number was significant with P < 0.05. (B) The number of fiber intersections in acellular gels 
was shown to be significantly larger than the one in the spheroid embedded collagen gels at the same 
collagen concentration (P <0.05) using the Welch two sample t-test. (Sun et al., 2015) 
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Chapter 5: The Influence of Integrin β1 and Matrix Metalloproteinases on 
Collagen I Fiber Alignment 
5.1 Introduction 
 Integrins are heterodimeric transmembrane ECM receptors for cell 
adhesion composed of an α and β subunit (R. O. Hynes, 2002). Out of the 28 
heterodimeric pairs, four are collagen-binding in mammalian cells: α1β1, α2β1, 
α10β1, and α11β1 (Barczyk et al., 2010; Leitinger, 2011; Popova et al., 2007). 
Integrin β1 has been proposed to be a potential target for chemotherapeutics as 
it is involved in proliferative signaling, evasion of growth suppressors, resisting 
cell death, and migration (Dontenwill et al., 2015). Specifically, integrin β1 
facilitates cancer invasion of 3D collagen I gels in MDA-MB-231 cells by 
increasing the contractile forces within the cell (Mierke et al., 2011). MMPs have 
also been reported to have significant roles in tumor invasion and cell migration 
(Nabeshima et al., 2002). In this chapter, we determine the expression levels of 
integrin β1 over time in different collagen I concentrations and knockdown 
collagen I expression using siRNA. Building upon our experimental assay in 
Chapter 3, we use siRNA targeting integrin β1 and the broad spectrum MMP 
inhibitor GM6001 to determine the effect of the loss of these components on 
collagen I fiber alignment. Finally, a modified version of the quantitative algorithm 
described in Chapter 4 is used to quantify the AI and fiber orientation relative to 
the spheroid surface and compared to the qualitative analysis of collagen I fiber 
alignment. 
74 
 
 
5.2 Materials and Methods 
5.2.1 siRNA Reverse Transfection 
 Pools of siRNA targeting integrin β1, PLK1, and a non-targeting siRNA 
pool were acquired from Dharmacon. 25nM of these pools were reversed 
transfected using Lipofectamine RNAi Max (Invitrogen) according to the 
manufacturer’s instructions. The reverse transfections occurred simultaneously 
with spheroid formation. Integrin β1 and PLK1 knockdown efficiency was 
confirmed by western blot and visual inspection respectively. 
 
5.2.2 MMP Activity Inhibition 
 To inhibit MMP activity, GM6001 (Abcam) dissolved in ethanol (20uM 
final) was added to the media. As a control, equal volumes of ethanol without 
GM6001 was added to the non-MMP inhibitor treated controls. The MMP inhibitor 
was refreshed with the media every 3 days. 
 
5.2.3 Qualitative Analysis 
 Once all stacks of images are acquired, the stacks are blinded and 
visually inspected using ImageJ. Each stack is characterized as either having no 
visible collagen fiber alignment, collagen fibers aligned parallel to the spheroid 
surface, or collagen fibers aligned perpendicular to the spheroid surface. If any of 
the individual stacks of the spheroid has collagen aligned perpendicular to the 
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spheroid surface the spheroid is classified as having aligned collagen 
perpendicular to the spheroid surface. All other spheroids are classified as 
having no aligned collagen perpendicular to the spheroid surface. Chi squared 
tests were used to determine statistically significant differences between 
conditions. 
 
5.2.4 Relative Orientation Detection 
 To determine the relative orientation of collagen I fibers near embedded 
spheroids additional functions were added to the orientation algorithm. Briefly the 
stack of images acquired are summed up and the now well-defined spheroid 
boarder is fitted with a second order polynomial. This spheroid boarder was then 
segmented into 5 equal portions with regions 100µm deep being sectioned off 
(Figure 5-1) with a second region of another 100µm being created beyond the 
first region. Orientations of the fibers relative to the spheroid surface and AI 
values were calculated for the first regions alone, the second regions alone, and 
both regions combined. 
 
5.3 Results 
5.3.1 Integrin β1 Expression Increases in the Presence of Collagen I 
The relationship between integrin β1 and collagen I was explored by 
Western blotting. Spheroids composed of 10,000 MDA-MB-231 cells were 
embedded into 2mg/ml collagen I gels and allowed to grow for up to 5 days. 
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Spheroids grown on agarose were used as an initial control. Western blotting 
revealed that when the spheroids were embedded in 2mg/ml collagen I the 
relative integrin β1 levels increase dramatically from day 1 to day 3 (Figure 5-2C) 
with the relative amount of integrin β1 nearly doubling between days 1 and 2 and 
2 and 3. 
 
5.3.2 Integrin β1 is Required for Collagen I Alignment Perpendicular to the 
Spheroid Surface 
To determine if integrin β1 is required for collagen I fiber alignment, MDA-
MB-231 cells were treated with 25nM of a pool of four siRNAs targeting integrin 
β1. There were two potential times to transfect the MDA-MB-231 cells with the 
siRNA, either when they were still maintained in their flasks or during the 72 h 
incubation on agarose when the cells form spheroids. Both methods worked 
efficiently, however since the required knockdown time is the same as the 72 h 
incubation time for formation of spheroids, it was simpler to perform a reverse 
transfection of siRNA on top of the agarose. The non-target #2 pool of siRNA 
was used as a negative control and a pool of four siRNA targeting Polo-Like 
Kinase-1 (PLK1), an essential gene in triggering the G2/M phase transition, was 
used as a visual control for transfection efficiency. Knockdown of integrin β1 
resulted in no change of the spheroid size on agarose when compared to the 
negative control knockdown, while the PLK1 knockdown was effective in killing 
most of the cells (Figure 5-3A, B). Knockdown efficiency in both 2D and 3D was 
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analyzed by Western blotting and a significant knockdown of integrin β1 was 
seen (Figure 5-3C). 
 To determine if integrin β1 was involved in collagen I fiber alignment, 
spheroids made up of MDA-MB-231 cells transfected with integrin β1 siRNA and 
the non-targeting siRNA were embedded into collagen I matrices ranging from 
2mg/ml to 4 mg/ml and processed as described in 2.3, 3.2.1, and 3.2.2. Once 
again, after all of the images were acquired, the images were blinded and 
assigned as either no alignment, parallel alignment, perpendicular alignment, or 
other alignment. Other alignment was classified as having obvious collagen I 
alignment however the alignment neither being parallel or perpendicular to the 
spheroid surface. As only a small handful of stacks had this classification, both 
parallel and perpendicular alignments were considered higher factors when 
determining the ability of the spheroid to align collagen I, thus no spheroids were 
actually classified as having ‘other’ alignment. Collagen I fiber alignment was 
assessed after each of the first five days. As also seen in 3.3.1, spheroids 
transfected with non-target siRNA were once again capable of aligning collagen 
fibers perpendicular to the spheroid surface (Figure 5-4A). Chi squared tests 
revealed that collagen density had no significant influence in the number of 
spheroids that could align collagen perpendicular to the spheroid surface 
(p>0.05). However, chi squared tests did show that the length of time that the 
spheroids were cultured in the collagen gels did significantly influence the 
number of spheroids that aligned collagen fibers perpendicular to the spheroid 
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surface with significant increases on days 3, 4, and 5 (p<0.05). Spheroids 
transfected with siRNA targeting integrin β1 had fewer spheroids align collagen 
fibers perpendicular to the spheroid surface throughout the five days, and when 
compared to the non-target siRNA knockdown spheroids, had significantly fewer 
spheroids inducing perpendicular collagen fiber alignment on days 3, 4, and 5 
(p<0.05) (Figure 5-4 B). 
 
5.3.3 MMP Inhibition Increases Perpendicular Alignment at Early Time Points 
 To determine if MMPs influence collagen I fiber alignment, the broad 
spectrum MMP inhibitor GM6001 was added to the spheroid embedded collagen 
I gels at a final concentration of 20µM. The gels were incubated for up to 5 days 
and then processed for imaging in the same way as the siRNA transfected 
spheroids described in 5.3.2. Chi squared tests demonstrated that non-target 2 
transfected spheroids treated with 20μM GM6001 had a statistically significant 
increase in the number of spheroids with perpendicularly aligned collagen on day 
2 (Figure 5-5A) compared to the Non-target 2 transfected spheroids that were not 
treated with GM6001 in 5.3.2 (Figure 5-4A) (p<0.05). There were no other 
statistically significant differences observed. Additionally, when integrin β1 
knockdown spheroids were treated with GM6001, there was no significant 
difference in alignment when compared to the non-GM6001 treated integrin β1 
knockdown spheroids in 5.3.2 (Figure 5-5B) (p>0.05). 
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5.3.4 Comparison of Qualitative and Quantitative Analysis 
 All stacks of images were analyzed using the algorithm developed in 
chapter 4. The algorithm was modified as described in 5.2.3 to provide not just 
the alignment index value but also the orientation of the collagen I fibers relative 
to the spheroid surface. To test the consistency between the quantitative 
algorithm and the visual qualitative analysis each stack had the quantitative 
values paired with the qualitative classification and plotted (Figure 5-6). When 
plotting only the aligned collagen I stacks (Figure 5-6A, B) we see the two main 
orientations (parallel and perpendicular) cluster to two locations; the stacks with 
collagen I aligned parallel to the spheroid surface clustering to high AI (0.3-0.6) 
and low relative orientation, and the stacks with collagen I aligned perpendicular 
to the spheroid surface clustering to high AI (0.2-0.5) and high relative 
orientation. As expected, the few stacks that were classified as having ‘other’ 
alignment displayed high AI (0.2-0.5) and relative orientations around 45°. For 
stacks characterized as having no visible alignment we would expect the relative 
orientation to be evenly distributed among all orientations and the AI values to be 
low. While this is the case at higher relative orientations (>45°) it is not the case 
for smaller relative orientations as the AI values seem to increase (Figure 5-6C). 
When the plots are combined (Figure 5-6D) we see that there is significant 
overlap of the no alignment and parallel alignment populations, while there is less 
overlap between the no alignment and perpendicular alignment groups. 
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5.4 Discussion 
 This study utilized the in vitro assay developed in Chapter 3 and the 
orientation algorithm developed in Chapter 4 to determine if integrin β1 and 
MMPs are involved in the alignment of collagen I fibers. To establish the 
influence of the collagen I matrix on integrin β1 we first quantified the relative 
amount of integrin β1 overtime when the spheroids were embedded in collagen I 
gels. We used GAPDH as our control as it is traditionally accepted as a loading 
control and calculated the ratio of integrin β1 to GAPDH using ImageJ. Finally, 
we compared all the ratios to the initial ratio at 1 day. We observed an increase 
of relative integrin β1 levels over the course of the first 3 days with near doubling 
in integrin β1 levels between days 1 and 2 and then again between days 2 and 3. 
This increase of integrin β1 coincided with an increase of the number of 
spheroids with collagen I fiber aligned perpendicular to the spheroid surface. To 
confirm that integrin β1 was indeed mediating collagen I fiber alignment, we 
knocked down integrin β1 using siRNA. The robustness of the siRNA knockdown 
in 2D as well as 3D was surprising (Figure 5-3C). SiRNA knockdowns targets the 
mRNA preventing further translation and production of new proteins, but does not 
directly affect the proteins already present within the cell and instead must rely 
on protein turn over to effectively knockdown the protein levels. Since integrin β1 
is an integral membrane protein we expected the turnover rate to be slower. 
As hypothesized, the spheroids with integrin β1 knockdowns showed a 
statistically significant decrease in collagen I alignment perpendicular to the 
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spheroid surface as tested with chi squared statistics after 3, 4, and 5 days in 
culture according to the chi squared test. Additionally, the chi squared test for 
dependence on the integrin β1 knockdown spheroids showed that there was no 
longer a dependent relationship between time and number of spheroids with 
perpendicular collagen I fiber alignment. With these two results we conclude that 
integrin β1 is required for MDA-MB-231 spheroids to align collagen I fibers 
perpendicular to the spheroid surface. It is important to note that the integrin β1 
siRNA transfections still resulted in a small number of spheroids aligning collagen 
fibers perpendicular to the spheroid surface. This alignment was once again not 
seen uniformly around the spheroid and may have been caused by an 
incomplete knockdown of integrin β1. This could be further investigated by 
modifying the in vitro assay and optimizing it to allow for immunofluorescence of 
integrin β1 and determining if the perpendicularly aligned collagen I fibers 
localize to regions of the spheroid with higher concentrations of integrin β1. 
 Treatment with the broad spectrum MMP inhibitor GM6001 resulted in a 
statistically significant increase in collagen I fiber aligned perpendicular to the 
spheroid surface at day 2 relative to the non GM6001 treated spheroids. This 
finding was unexpected as we originally hypothesized that MMP activity would 
aid in the reorganization of the collagen I matrix as MMPs are involved in ECM 
degradation and therefor inhibition of MMP activity using GM6001 should have 
resulted in a decrease in collagen I fiber remodeling. There are three possible 
explanations for why we did not observe the hypothesized decrease in 
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perpendicular alignment but instead an increase at early time points. First, as 
seen with the failure of many clinical trials involving MMP inhibitors, our 
understanding of the mechanisms, functions, and redundancies of MMPs may be 
imperfect or incomplete (Coussens, 2002). Therefor if the collagen I 
reorganization is MMP dependent we may simply not be targeting the correct 
MMP or all of the MMPs that are sufficient to promote this realignment. A second 
possibility is that MMP activity is not required for the alignment of collagen I 
fibers, but instead influence a different aspect of matrix remodeling such as 
degradation of the collagen I fibers instead and this degradation is not needed for 
realignment. Unfortunately, due to our use of confocal reflectance microscopy it 
was not possible to gather accurate and reliable data on fiber density to 
determine if fiber density decreases or increases over time. Thirdly, while we did 
not observe a decrease in perpendicular collagen I alignment, we did observe an 
increase at the day two time point. Some MMPs are capable of degrading not 
just the surrounding ECM but also surface proteins on cells. MMP2, which is 
inhibited by GM6001, primarily cleaves collagen IV but is also capable of 
cleaving integrin β1 (Kryczka et al., 2012). As seen in figure 5-2 via Western blot, 
integrin β1 levels increase over the first three days which coincides with the 
increased increase in spheroids with collagen I fibers aligned perpendicularly. By 
inhibiting MMP2 with GM6001, integrin β1 levels may have increased faster, 
resulting in earlier occurrences of perpendicular collagen I alignment. The fact 
that we also observed no increase in collagen I fiber alignment perpendicular to 
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the spheroid surface in integrin β1 knockdown spheroids treated with GM6001 
compared to integrin β1 knockdown spheroids without GM6001 treatment 
supports that the increase in early perpendicular collagen I fiber alignment 
induced by GM6001 still requires integrin β1. 
These experiments lead us to propose the pathway outlined in figure 5-7 
whereby integrin β1 activity is promoted by the presence of collagen I and MMP 
inhibition. The discoid domain receptor 1 (DDR1) is a likely candidate to be the 
link between collagen I and integrin β1. DDR1 is a tyrosine kinase receptor that 
can bind to collagen I and once activated, DDR1 promotes integrin α1β1 and 
α2β1 activity by stabilizing the integrins (Xu et al., 2012). This stabilization could 
result in the increase in integrin β1 levels observed in figure 5-2. Treating MDA-
MB-231 spheroids with GM6001 resulted in an increase of perpendicular 
collagen I alignment possibly due to the inhibition of MMP2 which has been 
shown to cleave integrin β1 (Kryczka et al., 2012). The increased integrin activity 
could result in an increase contractile forces as MDA-MB-231 expressing higher 
levels of integrin α5β1 result in a sevenfold increase in contractile forces 
compared to MDA-MB-231 cells expressing low levels of integrin α5β1 (Mierke et 
al., 2011). These increased contractile forces could in turn cause the collagen I to 
be pulled towards and aligned perpendicular to the spheroid surface and this 
aligned collagen I would then promote local invasion of cancer cells (Provenzano 
et al., 2006).  
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 The computational model described in Chapter 4 was once again utilized 
here with the modifications described in 5.2.4 and compared to the qualitative 
categorization of the stacks. Originally the algorithm only determined the degree 
of collagen I fiber alignment, and while this was adequate for the initial 
experiments detailed in Chapter 4, it was insufficient for the experiments in this 
chapter. This was due to the spheroids able to align collagen I fibers not only 
perpendicular but parallel to the surface as well. The AI values for these two 
populations are relatively similar (Figure 5-6A) so it was necessary to have the 
orientations of the fibers relative to the spheroid surface calculated. To do this we 
first defined the spheroid boundary with a second order polynomial and divided 
that boundary into five sections, with two regions coming from each of those five 
sections (Figure 5-1). Orientation and AI values were calculated within each of 
these ten regions. Furthermore, the depth of these regions was variable allowing 
us to decide how close to the spheroid we want to measure the collagen I fiber 
alignment and orientation. Our results showed a good correlation between what 
we identified by eye to be perpendicularly aligned and what the algorithm would 
identify as perpendicularly aligned.  Unfortunately, the same cannot be said for 
the collagen I fibers aligned parallel to the spheroid surface and more analysis 
will have to be done to determine if the algorithm can identify that collagen I 
pattern. 
 The work presented in this chapter provides evidence that integrin β1 
mediates collagen I fiber alignment perpendicular to the spheroid surface. This 
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alignment has also been characterized by Provenzano et al. (2006) and 
proposed to be a prognostic indicator in breast cancer progression by Conklin et 
al. (2011). Our work extends upon this and ultimately proposes that integrin β1 is 
a useful prognostic indicator and potential therapeutic target, especially in triple 
negative breast cancer. 
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5.5 Figures 
 
Figure 5-1: Defining the spheroid boarder and regions of interest. To measure the orientation of the 
collagen fibers relative to the spheroid surface a second order polynomial, in green, (A) is fit to the boarder, 
in red, of the spheroid surface (B). This boarder is divided into 5 equal portions and two regions are formed 
in each of those sections. The first region (C) 100µm from the boarder and the second region (D) extending 
beyond the first region. Scale bar: 50µm 
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Figure 5-2: Integrin β1 levels increase over time in MDA-MB-231 spheroids embedded in 2mg/mL 
collagen. Spheroids composed of 10,000 MDA-MB-231 cells were embedded into 2mg/ml collagen gels 
and maintained in the incubator. Spheroids were harvest and lysates run on a 6% SDS-PAGE gel. The gels 
were transferred to PDVF membrane and probed for integrin β1 and GAPDH. The ratio of integrin β1 to 
GAPDH was calculated using ImageJ. There is nearly a two-fold increase between days 1 and 2, and 
between day 2 and 3. N=96 spheroids 
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Figure 5-3: siRNA targeting integrin β1 effectively knocks down integrin β1 protein levels. To 
knockdown integrin β1 levels, MDA-MB-231 cells were transfected with a pool of 4 siRNAs targeting either 
non-target controls, integrin β1, or PLK-1, at a final total concentration of 25nM while forming spheroids. (A) 
After 72 hours both the non-target and integrin β1 treated cells formed spheroids while the PLK-1 siRNA 
transfected cells did not. (B) Integrin β1 knockdown results in no change in diameter while PLK-1 
knockdown results in a significant decrease of spheroid size (N=40; * = p<0.05). (C) Knockdown of integrin 
β1 was confirmed in both 2D and 3D via western blot and resulted in robust knockdowns in both 2D and in 
spheroids. Scale bar: 200µm 
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Figure 5-4: Spheroids transfected with siRNA targeting integrin β1 have reduced collagen I 
alignment perpendicular to the spheroid surface. Spheroids transfected with non-target 2 siRNA (A) 
aligned collagen I fibers perpendicular to the spheroid surface starting at 2 days. This alignment was 
independent of collagen concentration (χ2: p>0.05) but not independent of time (χ2: p<0.05). When 
transfected with siRNA targeting integrin β1, days 3, 4, and 5 all had significantly fewer occurrences of 
perpendicularly aligned collagen (χ2: p<0.05). N=4 for all conditions. 
  
90 
 
 
 
Figure 5-5: GM6001 increases perpendicular alignment of collagen fibers in non-target 2 siRNA 
transfected spheroids at earlier time points. (A)Treatment with 20uM GM6001 results in a statistically 
significant increase in the number of spheroids able to align collagen perpendicular to the spheroid surface 
at day 2 when compared with non GM6001 treated spheroids in Figure 5-4A (p<0.05). (B) Treatment of 
spheroids transfected with siRNA targeting integrin β1 with 20uM GM6001 results in no significant difference 
compared to the untreated spheroids in figure 5-4B (p>0.05).  
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Figure 5-6: Comparison of qualitative and quantitative data. All image stacks were previously classified 
as either having perpendicular alignment, parallel alignment, other alignment, or no alignment of collagen 
fibers relative to the spheroid surface. (A) Stacks containing any of the three types of alignment were plotted 
with the calculated AI value (y-axis) and relative orientation of the fiber to the spheroid surface (x-axis) from 
the computational algorithm. (B) Stacks with collagen fibers aligned parallel to the spheroid surface had high 
AI values and low relative orientations while those stacks with collagen fibers aligned perpendicular to the 
spheroid surface had high AI values and high relative orientations. (C)  Stacks that had no alignment were 
plotted according to the AI values and relative orientations determined by the computational algorithm. 
Stacks with no visible alignment tend to have low AI value however the population is skewed towards low 
orientations. (D) An overlay of the aligned and non-aligned plots shows significant overlap between the 
parallel aligned and non-aligned populations, and slight overlap between the perpendicular alignment and 
non-aligned populations. 
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Figure 5-7: Proposed Integrin β1 Induced Collagen I Fiber Alignment Pathway. Discoid domain 
receptor 1 (DDR1) is a tyrosine kinase receptor that binds to collagen I. Activation of DDR1 leads to 
stabilization of integrins including α1β1 and α2β1. MMP2 decreases integrin β1 activity by cleaving integrin 
β1. Integrin α5β1 activity increases contractile forces in MDA-MB-231 cells including actomyocin contraction. 
We propose that this increased contraction leads to perpendicular collagen I fiber alignment and promotes 
local invasion of cancer cells. 
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Chapter 6: Conclusions and Future Directions 
Every year there are nearly two million new cases of invasive breast 
cancer worldwide and over 500,000 deaths. Most of these deaths are not due to 
the primary tumor but instead secondary sites established from metastasis. Much 
of our current understanding of metastasis focuses on the cellular changes that 
occur and the breakdown of the basement membrane prior to intravasating into 
the blood vessel system. However there has been little focus on the 
reorganization of the interstitial ECM and the effect that the reorganization has on 
cell function. In this dissertation we develop new experimental and computational 
models to aid in scientific research in this area and we used these models to 
provide insight into the role of integrin β1 in collagen I alignment. 
 
6.1 An In Vitro Assay to Visualize Collagen I Fiber Alignment 
 Investigating the interaction between cells and collagen I organization 
requires a 3D environment in which both the influence of the cells on the ECM 
and the influence of the ECM on the cells can be determined. Up until now the 
majority of these investigations have only focused on the effects of collagen I 
remodeling on the cells and these assays typically use non-cellular methods of 
aligning collagen I matrices. To address this lack of biologically relevant 3D 
models, we designed an assay to visualize and eventually quantify the collagen I 
fiber alignment. 
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6.1.1 Major Contributions 
 Our novel experimental model incorporates multicellular spheroids into 
collagen I gels, allowing for not only the collagen I density and other physical 
properties to influence the spheroid, but also allow the spheroid to influence the 
surrounding collagen I matrix. We demonstrated that when using the triple-
negative metastatic breast cancer derived cell line MDA-MB-231 the assay 
replicated the TACS-3 perpendicularly aligned collagen I fibers described as a 
potential breast cancer prognostic indicator by Conklin (Conklin et al., 2011), 
while the non-cancer derived MCF10a breast cell line did not align collagen I 
fibers. 
 
6.1.2 Future Directions 
 There are several avenues for future directions based on the assay 
developed. While we have demonstrated that collagen I is able to influence total 
integrin β1 levels in the spheroids, we have not determined if is a uniform 
increase or local increase. By modifying the assay to create smaller slices 
(roughly 15-20µm) we could slice the spheroids thin enough to perform either 
histology staining or probing using fluorescently labeled antibodies. In this case 
we could see the distribution of integrin β1 throughout the spheroid, and 
determine if the increases in protein level are ubiquitous, localized to the 
periphery layer of cells, or localized to areas of collagen I fiber alignment 
perpendicular to the spheroid surface. This assay can be adapted to visualize 
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localization of any protein. A few of interest include hypoxia inducible factors 1 
and 2 (HIF1/2) and yes-associated protein (YAP). HIF1 and HIF2 are 
transcription factors that become active under hypoxic conditions, leading to 
angiogenesis, invasion, cell survival, and metabolism (Semenza, 2003). As 
tumors grow in size, the center becomes hypoxic and eventually necrotic leading 
to increased invasion away from the tumor (Guppy, 2002). Targeting HIF1 and 
HIF2 with either inhibitors or siRNA may provide insight into any changes in cell 
behavior, specifically in terms of migration, or in ECM organization. YAP is an 
important part of the Hippo signaling pathway which is associated with 
mechanical strain, cell polarity, adhesion, and organ size (Sung Bae et al., 2015). 
YAP is also a mechanosensitive protein, with YAP localizing to the cytoplasm 
when in soft environments and to the nucleus when in rigid environments. 
Furthermore, YAP is involved in contact inhibition, where in the presence of 
densely packed cells, YAP localizes to the cytoplasm and when in the presence 
of sparsely populated cells it localizes to the nucleus and promotes proliferation 
(Low et al., 2014). 
 While the work presented in this dissertation focused on collagen I 
remodeling, any type of fibrous ECM component could be used. Additionally, 
instead of only looking at alignment, invasion can be quantified as well, by 
determining the number of cells leaving the spheroid over time. Unfortunately, 
the assay is not currently setup to look at invasion in real time due to the fixation 
and sectioning for the confocal reflectance microscopy. However, using second 
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harmonic generation with a two photon microscope would allow for imaging of 
live, uncut, samples creating an improved cell invasion assay which up until now 
has typically used trans-well plates with a layer of ECM present with no way of 
actually imaging the ECM.  
 
6.2 Rapid Quantification of 3D Collagen I Fiber Alignment and Fiber 
Intersection Correlations with High Sensitivity 
Quantitative methods for determining collagen I fiber orientation have not 
been studied nearly as much as quantitative methods for determining other 
organizational properties such as density, width, and length. Collagen I fiber 
alignment facilitates an increase in the persistence of migration and is critical in 
wound healing, where traction forces from cells are responsible for reorienting 
collagen I fibers (Abhilash et al., 2014a; Stopak et al., 1982). This reorientation in 
turn guides cell migration and polarization (Guido et al., 1993). Several groups 
have used methods to determine the relative orientation distribution of whole 
images to determine collagen I fiber alignment. We however present a fast and 
accurate pixel-wise algorithm to calculate collagen I fiber alignment. 
 
6.2.1 Major Contributions 
 We developed two algorithms within this dissertation. The first calculates 
pixel wise orientation and the degree of alignment of collagen I fibers and the 
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second calculates the number of fiber intersections. Both methods are fast and 
accurate and were validated on in silico images. 
 
6.2.2 Future Directions 
The algorithm for determining fiber orientation as demonstrated in Chapter 
5 is ever evolving and can be used in future alignment quantification 
experiments. Beyond fiber orientation, the orientation algorithm could be adapted 
to detect cell membrane curvature within dynamic collective cell clusters 
(Bassereau et al., 2014; Farsad et al., 2003; Sheetz et al., 1996). We believe that 
our approach may create avenues for further studies to elucidate the 
relationships between fiber intersections, degree of total fiber crosslinking, and 
cell migration and can further be used to analyze the effects of drugs used to 
increase crosslinks within collagen I gels (Liang et al., 2004; Sisson et al., 2009; 
Sundararaghavan et al., 2009). Further work is needed on the orientation 
algorithm, especially in terms of being able to identify collagen I fibers aligned 
parallel to the spheroid surface, as there was a high degree of overlap. The 
overlap between no alignment and perpendicular alignment was far less and it 
may be possible with minor changes to the algorithm to use it to reliably identify 
spheroids that induce perpendicularly aligned collagen I fibers. 
 
6.3 The Influence of Integrin β1 and Matrix Metalloproteinases on Collagen I 
Fiber Alignment 
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 Cell induced ECM alignment has not been investigated sufficiently. With 
the correlation between TACS-3 and breast cancer survival it is paramount to 
understand what the mechanisms are that lead to this alignment. Using the 
experimental assay developed in Chapter 3 and the quantitative orientation 
algorithm developed in Chapter 4, we tested the effect of losing integrin β1 and 
MMP activity on collagen I fiber alignment. 
 
6.3.1 Major Contributions 
 The experiments presented in this dissertation provide insight into the 
cellular pathway responsible for alignment of collagen I fibers perpendicular to 
the cell surface. Understanding of this pathway is critical as this alignment is a 
proposed prognostic indicator for patients with breast cancer (Brabrand et al., 
2014; Conklin et al., 2011). While the exact cellular pathway that results in 
collagen I fiber alignment is unknown, with our findings, we determined that it 
requires integrin β1 and proposed the pathway diagramed in figure 5-7. 
We originally hypothesized that collagen fiber reorganization would be 
dependent on both mechanical interactions, such as those mediated by integrins, 
and chemical interactions, such as degradation of the ECM by MMPs. 
Embedding spheroids into collagen I gels resulted in an increase in integrin β1 
expression that reached a plateau after 72 hours. Additionally, starting at 72 
hours, we saw an increase of collagen I fiber alignment perpendicular to the 
spheroid surface. SiRNA knockdowns of integrin β1 resulted in a significant 
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decrease in the number of spheroids showing collagen I fiber alignment 
perpendicular to the spheroid surface at later time points. These two results led 
us to conclude that integrin β1 is required for collagen I fiber alignment 
perpendicular to the spheroid surface as we had hypothesized. However, MMP 
inhibition, using the broad spectrum MMP inhibitor GM6001, did not decrease the 
degree of collagen I fiber alignment, but instead increased it at early time points 
after only 48 hours. One possibility is that this increase in perpendicular 
alignment at early time points is a result of inhibition of MMP2 by GM6001 as 
MMP2, which is secreted by MDA-MB-231, cannot only cleave ECM components 
but integrin β1 as well. Finally, we compared the quantitative orientation values 
from the orientation algorithm to our qualitative analysis and saw agreement in 
terms of identifying collagen I fibers aligned perpendicular to the spheroid 
surface. 
 
6.3.2 Future Directions 
 Experiments in this dissertation demonstrated that loss of integrin β1 
expression resulted in a decrease in perpendicularly aligned collagen I and that 
treatment with the MMP inhibitor GM6001 increased the perpendicular alignment 
at earlier time points. Complementary gain-of-function experiments should be 
performed to determine if integrin β1 activity is sufficient to promote alignment of 
collagen I fibers perpendicular to the spheroid surface. Such gain-of-function 
experiments are not as simple as the loss-of-function experiments described in 
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this dissertation. Simply overexpressing integrin β1 would not guarantee 
increased activity because active integrins require clustering of integrins in order 
to form adhesion junctions. As such there are integrin β1 mutants that do have 
mutations in their transmembrane domain, switching a hydrophobic amino acid 
for a hydrophilic one such that the β1 integrins cluster together and promote focal 
adhesion formation. As stated in 6.1.2, modifications to the experimental assay 
for the purpose of immunofluorescence specifically visualizing the localization of 
integrin β1 in relation to collagen I fiber alignment would help in confirming that 
integrin β1 mediates the perpendicular alignment. Further experiments to 
determine if MMP2 is involved in cleaving integrin β1 and is responsible for the 
earlier collagen fiber alignment in the GM6001 treated samples include using a 
MMP2 specific inhibitor and mutating integrin β1 to eliminate the cleavage site 
targeted by MMP2. 
 We concluded that the alignment was mediated by integrin β1 however 
the exact pathway involved remains unknown. The pathway, as diagramed in 
figure 5-7, likely consists of both DDR and MMP mediated integrin β1 activity 
driving contractile forces within the cells to align the collagen I fibers 
perpendicular to the spheroid surface. Further manipulation of this pathway is 
needed to confirm this hypothesis. The same siRNA transfection protocol used in 
chapter 5 can be used to knockdown either DDR or MMP2. 
The identification of integrin β1 as being required for this perpendicular 
alignment also has implications for breast cancer treatment as this alignment has 
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been identified as a prognostic indicator for breast cancer progression by 
Brabrand et al. (2014) and Conklin et al (2011). Further investigation into the 
possibility of integrin β1 as a therapeutic target, especially in triple-negative 
breast cancer should be a high priority. Currently there are two integrin β1 
monoclonal antibodies that have been used to block integrin β1 activity: 4B4 
(Zaman et al., 2006) and AIIB1 (Park et al., 2008). These antibodies have been 
used in single cell 3D experiments, however, have not been used in living 
organisms or in a spheroid model. The use of these antibodies in a spheroid and 
mouse model with a protocol to visualize collagen I alignment (Provenzano et al., 
2009) would provide data to support integrin β1 mediating the alignment. 
Identification of the α integrin involved in collagen I fiber alignment could prove 
useful to creation of new small molecules to prevent collagen I fiber alignment. 
We focused on integrin β1 in our studies because it was the integrin that was 
most commonly recognized as interacting with collagen I. However, since 
integrins function as heterodimers, identifying the specific heterodimer that is 
required for alignment would allow for creating of more targeted treatments with 
fewer off-target effects. While there are more α integrins than β integrins, a 
similar siRNA experiment can be performed to screen for the α integrin that is 
part of the heterodimeric complex responsible for perpendicular collagen I fiber 
alignment. 
Integrin β1 is just one cellular component that is part of the proposed 
pathway. We hypothesize that the increased integrin β1 levels observed, when 
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the spheroids are embedded into collagen, lead to an increase in contractile 
strength and cell stiffness. Furthermore, we propose that it is this cell stiffening 
that results in the perpendicularly aligned collagen I fibers. These cellular 
mechanical properties can be measured by micro-rheology (Mak et al., 2014) 
and micro-rheological experiments should be performed to determine how not 
only integrin β1 influences cell stiffness, but also if there are any differences 
between the stiffness of single cells embedded in collagen and multi-cellular 
spheroids. 
 
6.4 Closing remarks 
 This dissertation demonstrates, by use of novel computational and 
experimental assays, that integrin β1 plays an important role in collagen I fiber 
alignment. Further the experimental assay developed allows us to observe both 
the influence of the collagen I on the cells and the influence of the cells on 
collagen I. This work has implications for understanding the fundamental 
interactions between cells and ECM influencing in cancer cell metastasis and 
potentially new insights into therapeutic targets for breast cancer treatment. 
  
106 
 
Chapter 7: References 
Abercrombie, M., & Heaysman, J. E. M. (1953). Observations on the social behaviour of 
cells in tissue culture. Experimental Cell Research, 5(1), 111–131. 
https://doi.org/10.1016/0014-4827(53)90098-6 
Abhilash, A. S., Baker, B. M., Trappmann, B., Chen, C. S., & Shenoy, V. B. (2014a). 
Remodeling of Fibrous Extracellular Matrices by Contractile Cells: Predictions from 
Discrete Fiber Network Simulations. Biophysical Journal, 107(8), 1829–1840. 
https://doi.org/10.1016/j.bpj.2014.08.029 
Abhilash, A. S., Baker, B. M., Trappmann, B., Chen, C. S., & Shenoy, V. B. (2014b). 
Remodeling of Fibrous Extracellular Matrices by Contractile Cells: Predictions from 
Discrete Fiber Network Simulations. Biophysical Journal, 107(8), 1829–1840. 
https://doi.org/10.1016/j.bpj.2014.08.029 
Alport, A. C. (1927). Hereditary Familial Congenital Haemorrhagic Nephritis. The British 
Medical Journal, 504–506. 
Anderson, W. F., Chatterjee, N., Ershler, W. B., & Brawley, O. W. (2002). Estrogen 
Receptor Breast Cancer Phenotypes in the Surveillance, Epidemiology, and End 
Results Database. Breast Cancer Research and Treatment, 76(1), 27–36. 
https://doi.org/10.1023/A:1020299707510 
Angers-Loustau, A., Côté, J. F., Charest, A., Dowbenko, D., Spencer, S., Lasky, L. a., & 
Tremblay, M. L. (1999). Protein tyrosine phosphatase-PEST regulates focal 
adhesion disassembly, migration, and cytokinesis in fibroblasts. Journal of Cell 
Biology, 144(5), 1019–1031. https://doi.org/10.1083/jcb.144.5.1019 
Bailey, C. K., Mittal, M. K., Misra, S., & Chaudhuri, G. (2012). High motility of triple-
negative breast cancer cells is due to repression of plakoglobin gene by metastasis 
modulator protein SLUG. The Journal of Biological Chemistry, 287(23), 19472–86. 
https://doi.org/10.1074/jbc.M112.345728 
Barczyk, M., Carracedo, S., & Gullberg, D. (2010). Integrins. Cell and Tissue Research, 
339(1), 269–280. https://doi.org/10.1007/s00441-009-0834-6 
Bardou, V.-J., Arpino, G., Elledge, R. M., Osborne, C. K., & Clark, G. M. (2003). 
Progesterone receptor status significantly improves outcome prediction over 
estrogen receptor status alone for adjuvant endocrine therapy in two large breast 
cancer databases. Journal of Clinical Oncology : Official Journal of the American 
Society of Clinical Oncology, 21(10), 1973–9. 
https://doi.org/10.1200/JCO.2003.09.099 
Bassereau, P., Sorre, B., & Lévy, A. (2014). Bending lipid membranes: Experiments 
after W. Helfrich’s model. Advances in Colloid and Interface Science, 208, 47–57. 
https://doi.org/10.1016/j.cis.2014.02.002 
Beck, K., Chan, V. C., Shenoy, N., Kirkpatrick, A., Ramshaw, J. A. M., & Brodsky, B. 
(2000). Destabilization of osteogenesis imperfecta collagen-like model peptides 
correlates with the identity of the residue replacing glycine. Proceedings of the 
National Academy of Sciences of the U.S.A., 97(8), 4273–4278. 
107 
 
https://doi.org/10.1073/pnas.070050097 
Berg, R. A., & Prockop, D. J. (1973). The Thermal Transition of a Non-Hydroxylated 
Form of Collagen. Evidence for a Role for Hydroxyproline in Stabilizing the Triple-
Helix of Collagen. Biochemical and Biophyisical Research Communications, 52(1), 
115–120. 
Birgersdotter, A., Sandberg, R., & Ernberg, I. (2005). Gene expression perturbation in 
vitro--a growing case for three-dimensional (3D) culture systems. Seminars in 
Cancer Biology, 15(5), 405–12. https://doi.org/10.1016/j.semcancer.2005.06.009 
Boerboom, R. a., Krahn, K. N., Megens, R. T. a, van Zandvoort, M. a M. J., Merkx, M., & 
Bouten, C. V. C. (2007). High resolution imaging of collagen organisation and 
synthesis using a versatile collagen specific probe. Journal of Structural Biology, 
159, 392–399. https://doi.org/10.1016/j.jsb.2007.04.008 
Bonnans, C., Chou, J., & Werb, Z. (2014). Remodelling the extracellular matrix in 
development and disease. Nature Reviews. Molecular Cell Biology, 15(12), 786–
801. https://doi.org/10.1038/nrm3904 
Brabrand, A., Kariuki, I. I., Engstrøm, M. J., Haugen, O. a, Dyrnes, L. a, Asvold, B. O., 
Lilledahl, M. B., & Bofin, A. M. (2014). Alterations in collagen fibre patterns in breast 
cancer. A premise for tumour invasiveness? APMIS : Acta Pathologica, 
Microbiologica, et Immunologica Scandinavica, (7), 1–8. 
https://doi.org/10.1111/apm.12298 
Brazel, D., Oberbäumer, I., Dieringer, H., Babel, W., Glanville, R. W., 
Deutzmann, R., & Kühn, K. (1987). Completion of the amino acid sequence of 
the alpha 1 chain of human basement membrane collagen (type IV) reveals 21 
non-triplet interruptions located within the collagenous domain. European 
Journal of Biochemistry, 168(3), 529–536. https://doi.org/10.1111/j.1432-
1033.1987.tb13450.x 
Bredfeldt, J. S., Liu, Y., Pehlke, C. A., Conklin, M. W., Szulczewski, J. M., Inman, D. R., 
Keely, P. J., Nowak, R. D., Mackie, T. R., & Eliceiri, K. W. (2014). Computational 
segmentation of collagen fibers from second-harmonic generation images of breast 
cancer. Journal of Biomedical Optics, 19(1), 16007. 
https://doi.org/10.1117/1.JBO.19.1.016007 
Bressan, G. M., Prockop, D. J., & Rucker, R. B. (1977). Synthesis of Elastin in Aortas 
from Chick Embryos. Conversion of Newly Secreted Elastin to Cross-Linked Elastin 
without Apparent Proteolysis of the Molecule. Biochemistry, 16, 1406–1412. 
Calalb, M. B., Polte, T. R., & Hanks, S. K. (1995). Tyrosine phosphorylation of focal 
adhesion kinase at sites in the catalytic domain regulates kinase activity: a role for 
Src family kinases. Molecular and Cellular Biology, 15(2), 954–963. 
Candès, E., Demanet, L., Donoho, D., & Ying, L. (2006). Fast Discrete Curvelet 
Transforms. Multiscale Modeling & Simulation, 5(3), 861–899. 
https://doi.org/10.1137/05064182X 
Castelletti, F., Donadelli, R., Banterla, F., Hildebrandt, F., Zipfel, P. F., Bresin, E., Otto, 
108 
 
E., Skerka, C., Renieri, A., Todeschini, M., Caprioli, J., Caruso, R. M., Artuso, R., 
Remuzzi, G., & Noris, M. (2008). Mutations in FN1 cause glomerulopathy with 
fibronectin deposits. Proceedings of the National Academy of Sciences of the 
United States of America, 105(7), 2538–2543. 
https://doi.org/10.1073/pnas.0707730105 
Cheang, M. C. U., Voduc, D., Bajdik, C., Leung, S., McKinney, S., Chia, S. K., Perou, C. 
M., & Nielsen, T. O. (2008). Basal-Like Breast Cancer Defined by Five Biomarkers 
Has Superior Prognostic Value than Triple-Negative Phenotype. Clinical Cancer 
Research, 14(5), 1368–1376. https://doi.org/10.1158/1078-0432.CCR-07-1658 
Christofori, G. (2006). New signals from the invasive front. Nature, 441(7092), 444–50. 
https://doi.org/10.1038/nature04872 
Ciardiello, F., & Tortora, G. (2001). A novel approach in the treatment of cancer: 
targeting the epidermal growth factor receptor. Clinical Cancer Research, 7(10), 
2958–70. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/11595683 
Citri, A., & Yarden, Y. (2006). EGF–ERBB signalling: towards the systems level. Nature 
Reviews Molecular Cell Biology, 7(7), 505–516. https://doi.org/10.1038/nrm1962 
Cleary, E. G. (1987). The microfibrillar component of the elastic fibers. In J. Uitto & A. J. 
Perejda (Eds.), Connective tissue disease. Molecular pathology of the extracellular 
matrix (pp. 55–81). New York: Dekker. 
Conklin, M. W., Eickhoff, J. C., Riching, K. M., Pehlke, C. a, Eliceiri, K. W., Provenzano, 
P. P., Friedl, A., & Keely, P. J. (2011). Aligned collagen is a prognostic signature for 
survival in human breast carcinoma. The American Journal of Pathology, 178(3), 
1221–32. https://doi.org/10.1016/j.ajpath.2010.11.076 
Cooper, L. A., Shen, T., & Guan, J. (2003). Regulation of Focal Adhesion Kinase by Its 
Amino-Terminal Domain through an Autoinhibitory Interaction Regulation of Focal 
Adhesion Kinase by Its Amino-Terminal Domain through an Autoinhibitory 
Interaction. Molecular and Cellular Biology, 23(22), 8030–8041. 
https://doi.org/10.1128/MCB.23.22.8030 
Cosgrove, D. (2012). Glomerular pathology in Alport syndrome: a molecular perspective. 
Pediatric Nephrology, 27(6), 885–890. https://doi.org/10.1007/s00467-011-1868-z 
Coussens, L. M. (2002). Matrix Metalloproteinase Inhibitors and Cancer : Trials and 
Tribulations. Science, 295(March), 2387–2393. 
https://doi.org/10.1126/science.1067100 
Cox, G., & Kable, E. (2006). Second-harmonic imaging of collagen. Methods in 
Molecular Biology (Clifton, N.J.), 319(1), 15–35. https://doi.org/10.1007/978-1-
59259-993-6_2 
Cukierman, E., Pankov, R., Stevens, D. R., & Yamada, K. M. (2001a). Taking cell-matrix 
adhesions to the third dimension. Science (New York, N.Y.), 294(5547), 1708–12. 
https://doi.org/10.1126/science.1064829 
Cukierman, E., Pankov, R., Stevens, D. R., & Yamada, K. M. (2001b). Taking cell-matrix 
109 
 
adhesions to the third dimension. Science (New York, N.Y.), 294(5547), 1708–12. 
https://doi.org/10.1126/science.1064829 
Dainichi, T., Kurono, S., Ohyama, B., Ishii, N., Sanzen, N., Hayashi, M., Shimono, C., 
Taniguchi, Y., Koga, H., Karashima, T., Yasumoto, S., Zillikens, D., Sekiguchi, K., & 
Hashimoto, T. (2009). Anti-laminin gamma-1 pemphigoid. Proceedings of the 
National Academy of Sciences of the U.S.A., 106(8), 2800–2805. 
https://doi.org/10.1073/pnas.0809230106 
Dalous, J., Burghardt, E., Müller-Taubenberger, A., Bruckert, F., Gerisch, G., & 
Bretschneider, T. (2008). Reversal of cell polarity and actin-myosin cytoskeleton 
reorganization under mechanical and chemical stimulation. Biophysical Journal, 
94(3), 1063–1074. https://doi.org/10.1529/biophysj.107.114702 
Dangi-Garimella, S., Krantz, S. B., Barron, M. R., Shields, M. a, Heiferman, M. J., 
Grippo, P. J., Bentrem, D. J., & Munshi, H. G. (2011). Three-dimensional collagen I 
promotes gemcitabine resistance in pancreatic cancer through MT1-MMP-mediated 
expression of HMGA2. Cancer Research, 71(3), 1019–28. 
https://doi.org/10.1158/0008-5472.CAN-10-1855 
Daniels, F., Romeny, B. M. ter H., Rubbens, M., & Assen, H. van. (2007). 3rd Kuala 
Lumpur International Conference on Biomedical Engineering 2006. (F. Ibrahim, N. 
A. A. Osman, J. Usman, & N. A. Kadri, Eds.), 3rd Kuala Lumpur International 
Conference on Biomedical Engineering 2006 IFMBE Proceedings (Vol. 15). Berlin, 
Heidelberg, Heidelberg: Springer Berlin Heidelberg. https://doi.org/10.1007/978-3-
540-68017-8 
Deininger, M. H., Fimmen, B., Kremsner, P. G., Meyermann, R., & Schluesener, H. J. 
(2002). Accumulation of endostatin/collagenXVIII in brains of patients who died with 
cerebral malaria. Journal of Neuroimmunology, 131, 216–221. 
Deininger, M. H., Meyermann, R., & Schluesener, H. J. (2006). Endostatin/Collagen 
XVIII Accumulates in Patients with Traumatic Brain Injury. Journal of Neurotrauma, 
23(7), 1103–1110. 
Desmedt, C., Sotiriou, C., & Piccart-Gebhart, M. J. (2009). Development and Validation 
of Gene Expression Profile Signatures in Early-Stage Breast Cancer. Cancer 
Investigation, 27(1), 1–10. https://doi.org/10.1080/07357900802574710 
Di Lullo, G. a, Sweeney, S. M., Korkko, J., Ala-Kokko, L., & San Antonio, J. D. (2002). 
Mapping the ligand-binding sites and disease-associated mutations on the most 
abundant protein in the human, type I collagen. The Journal of Biological 
Chemistry, 277(6), 4223–31. https://doi.org/10.1074/jbc.M110709200 
Donaghy, M., & Rees, A. J. (1983). Cigarette smoking and lung haemorrhage in 
glomerulonephritis caused by autoantibodies to glomerular basement membrane. 
Lancet (London, England), 2(8364), 1390–3. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/6140495 
Dong, S., Cole, G. J., & Halfter, W. (2003). Expression of Collagen XVIII and 
Localization of Its Glycosaminoglycan Attachment Sites. Journal of Biological 
Chemistry, 278(3), 1700–1707. https://doi.org/10.1074/jbc.M209276200 
110 
 
Dontenwill, M., Blandin, A.-F., Renner, G., Lehmann, M., Lelong-Rebel, I., & Martin, S. 
(2015). β1 Integrins as Therapeutic Targets to Disrupt Hallmarks of Cancer. 
Frontiers in Pharmacology, 6. https://doi.org/10.3389/fphar.2015.00279 
EBCT Collaborative Group. (1998). Tamoxifen for early breast cancer: an overview of 
the randomised trials. The Lancet, 351(9114), 1451–1467. 
https://doi.org/10.1016/S0140-6736(97)11423-4 
Ekblom, P., Lonai, P., & Talts, J. F. (2003). Expression and biological role of laminin-1. 
Matrix Biology, 22, 35–47. 
Eliceiri, K., Keely, P., Liu, Y., Mackie, T., Bredfeldt, J., & Conklin, M. (2014). Automated 
quantification of aligned collagen for human breast carcinoma prognosis. Journal of 
Pathology Informatics, 5(1), 28. https://doi.org/10.4103/2153-3539.139707 
Erikson, A., Andersen, H., & Naess, S. (2008). Physical and chemical modifications of 
collagen gels: impact on diffusion. …, 89(2), 135–143. https://doi.org/10.1002/bip 
Farooqui, R., & Fenteany, G. (2005). Multiple rows of cells behind an epithelial wound 
edge extend cryptic lamellipodia to collectively drive cell-sheet movement. Journal 
of Cell Science, 118(Pt 1), 51–63. https://doi.org/10.1242/jcs.01577 
Farsad, K., & De Camilli, P. (2003). Mechanisms of membrane deformation. Current 
Opinion in Cell Biology, 15(4), 372–81. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/12892776 
Ffrench-Constant, C. (1995). Alternative splicing of fibronectin – many different proteins 
but few different functions. Experimental Cell Research, (221), 261–271. 
Finn, R. S., Aleshin, A., & Slamon, D. J. (2016). Targeting the cyclin-dependent kinases 
(CDK) 4/6 in estrogen receptor-positive breast cancers. Breast Cancer Research, 
18(1), 17. https://doi.org/10.1186/s13058-015-0661-5 
Finn, R. S., Dering, J., Conklin, D., Kalous, O., Cohen, D. J., Desai, A. J., Ginther, C., 
Atefi, M., Chen, I., Fowst, C., Los, G., & Slamon, D. J. (2009). PD 0332991, a 
selective cyclin D kinase 4/6 inhibitor, preferentially inhibits proliferation of luminal 
estrogen receptor-positive human breast cancer cell lines in vitro. Breast Cancer 
Research, 11(5), R77. https://doi.org/10.1186/bcr2419 
Fowlkes, J. L., Thrailkill, K. M., Serra, D. M., Suzuki~, K., & Nagase, H. (1995). Matrix 
Metalloproteinases as Insulin-Like Growth Factor Binding Protein-Degrading 
Proteinases. Progress in Growth Factor Research, 6, 255–263. 
Fraley, S. I., Feng, Y., Krishnamurthy, R., Kim, D.-H., Celedon, A., Longmore, G. D., & 
Wirtz, D. (2010). A distinctive role for focal adhesion proteins in three-dimensional 
cell motility. Nature Cell Biology, 12(6), 598–604. https://doi.org/10.1038/ncb2062 
Friedl, P. (2004a). Dynamic imaging of cellular interactions with extracellular matrix. 
Histochemistry and Cell Biology, 122(3), 183–190. https://doi.org/10.1007/s00418-
004-0682-0 
Friedl, P. (2004b). Prespecification and plasticity: Shifting mechanisms of cell migration. 
Current Opinion in Cell Biology, 16(1), 14–23. 
111 
 
https://doi.org/10.1016/j.ceb.2003.11.001 
Friedl, P., & Wolf, K. (2003). Tumour-cell invasion and migration: diversity and escape 
mechanisms. Nature Reviews. Cancer, 3(5), 362–374. 
https://doi.org/10.1038/nrc1075 
Friedl, P., & Wolf, K. (2008). Tube travel: The role of proteases in individual and 
collective cancer cell invasion. Cancer Research, 68(18), 7247–7249. 
https://doi.org/10.1158/0008-5472.CAN-08-0784 
Fry, D. W., Harvey, P. J., Keller, P. R., Elliott, W. L., Meade, M., Trachet, E., Albassam, 
M., Zheng, X., Leopold, W. R., Pryer, N. K., & Toogood, P. L. (2004). Specific 
inhibition of cyclin-dependent kinase 4/6 by PD 0332991 and associated antitumor 
activity in human tumor xenografts. Molecular Cancer Therapeutics, 3(11), 1427–
38. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/15542782 
Fulford, L. G., Easton, D. F., Reis-Filho, J. S., Sofronis, A., Gillett, C. E., Lakhani, S. R., 
& Hanby, A. (2006). Specific morphological features predictive for the basal 
phenotype in grade 3 invasive ductal carcinoma of breast. Histopathology, 49(1), 
22–34. https://doi.org/10.1111/j.1365-2559.2006.02453.x 
Gaggioli, C., Hooper, S., Hidalgo-Carcedo, C., Grosse, R., Marshall, J. F., Harrington, 
K., & Sahai, E. (2007). Fibroblast-led collective invasion of carcinoma cells with 
differing roles for RhoGTPases in leading and following cells. Nature Cell Biology, 
9(12), 1392–1400. https://doi.org/10.1038/ncb1658 
Gale, M., Pollanen, M. S., Markiewicz, P., & Goh, M. C. (1995). Sequential Assembly of 
Collagen Revealed by Atomic Force Microscopy. Biophysical Journal, 68. 
García-Alvarez, B., De Pereda, J. M., Calderwood, D. a., Ulmer, T. S., Critchley, D., 
Campbell, I. D., Ginsberg, M. H., & Liddington, R. C. (2003). Structural 
determinants of integrin recognition by talin. Molecular Cell, 11(1), 49–58. 
https://doi.org/10.1016/S1097-2765(02)00823-7 
Garton, A. J., & Tonks, N. K. (1999). Regulatio of Fibroblast Motility by the Protein 
Tyrosine Phosphatase PTP-PEST. Biological Chemistry, 274(6), 3811–3818. 
https://doi.org/10.1074/jbc.274.6.3811 
Giannelli, G., Falk-Marzillier, J., Schiraldi, O., Stetler-Stevenson, W. G., & Quaranta, V. 
(1997). Induction of Cell Migration by Matrix Metalloprotease-2 Cleavage of 
Laminin-5. Science, 277, 225–228. 
Gould, D. B., Phalan, F. C., Breedveld, G. J., van Mil, S. E., Smith, R. S., Schimenti, J. 
C., Aguglia, U., van der Knaap, M. S., Heutink, P., & John, S. W. M. (2005). 
Mutations in Col4a1 cause perinatal cerebral hemorrhage and porencephaly. 
Science (New York, N.Y.), 308(5725), 1167–71. 
https://doi.org/10.1126/science.1109418 
Griffith, L. G., & Swartz, M. a. (2006). Capturing complex 3D tissue physiology in vitro. 
Nature Reviews. Molecular Cell Biology, 7(3), 211–24. 
https://doi.org/10.1038/nrm1858 
112 
 
Grünwald, V., & Hidalgo, M. (2003). Developing inhibitors of the epidermal growth factor 
receptor for cancer treatment. Journal of the National Cancer Institute, 95(12), 851–
67. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/12813169 
Gubler, M. C. (2008). Inherited diseases of the glomerular basement membrane. Nature 
Clinical Practice Nephrology, 4(1), 24–37. https://doi.org/10.1038/ncpneph0671 
Guido, S., & Tranquillo, R. (1993). A methodology for the systematic and quantitative 
study of cell contact guidance in oriented collagen gels. Correlation of fibroblast 
orientation and gel birefringence. Journal of Cell Science, 105(2), 317–331. 
Retrieved from http://jcs.biologists.org/content/105/2/317.short 
Guo, C., & Kaufman, L. J. (2007). Flow and magnetic field induced collagen alignment. 
Biomaterials, 28(6), 1105–14. https://doi.org/10.1016/j.biomaterials.2006.10.010 
Guppy, M. (2002). The hypoxic core: a possible answer to the cancer paradox. 
Biochemical and Biophysical Research Communications, 299(4), 676–680. 
https://doi.org/10.1016/S0006-291X(02)02710-9 
Haralock, R. M., & Shapiro, L. G. (1991). Computer and Robot Vision. 
Harjanto, D., Maffei, J. S., & Zaman, M. H. (2011). Quantitative analysis of the effect of 
cancer invasiveness and collagen concentration on 3D matrix remodeling. PLoS 
One, 6(9), e24891. https://doi.org/10.1371/journal.pone.0024891 
Harjanto, D., & Zaman, M. H. (2010). Matrix mechanics and receptor-ligand interactions 
in cell adhesion. Organic & Biomolecular Chemistry, 8(2), 299–304. 
https://doi.org/10.1039/b913064k 
Harte, M. T., Macklem, M., Weidow, C. L., Parsons, J. T., & Bouton, A. H. (2000). 
Identification of two focal adhesion targeting sequences in the adapter molecule 
p130(Cas). Biochimica et Biophysica Acta - Molecular Cell Research, 1499(1–2), 
34–48. https://doi.org/10.1016/S0167-4889(00)00104-X 
Hong, L., Wan, Y., & Jain, A. (1998). Fingerprint image enhancement: algorithm and 
performance evaluation. IEEE Trans Pattern Analysis and Machine, 20(8), 777–89. 
Hood, J. D., & Cheresh, D. a. (2002). Role of integrins in cell invasion and migration. 
Nature Reviews. Cancer, 2(2), 91–100. https://doi.org/10.1038/nrc727 
Howell, A., Osborne, C. K., Morris, C., & Wakeling, A. E. (2000). ICI 182,780 (Faslodex): 
development of a novel, "pure" antiestrogen. Cancer, 89(4), 817–25. 
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/10951345 
Hudson, B. G., Kalluri, R., Gunwar, S., Weber, M., Ballester, F., Hudson, J. K., Noelken, 
M. E., Sarras, M., Richardson, W. R., Saus, J., Abrahamson, D. R., Glick, A. D., 
Haralson, M. A., Helderman, J. H., Stone, W. J., & Jacobson, H. R. (1992). The 
pathogenesis of Alport syndrome involves type IV collagen molecules containing 
the a3(IV) chain: Evidence from anti-GBM nephritis after renal transplantation. 
Kidney International, 42, 179–187. https://doi.org/10.1038/ki.1992.276 
Hyde, T. J., Bryan, M. A., Brodsky, B., & Baum, J. (2006). Sequence Dependence of 
Renucleation after a Gly Mutation in Model Collagen Peptides. Journal of Biological 
113 
 
Chemistry, 281(48), 36937–36943. https://doi.org/10.1074/jbc.M605135200 
Hynes, N. E., & Lane, H. A. (2005). ERBB receptors and cancer: the complexity of 
targeted inhibitors. Nature Reviews Cancer, 5(5), 341–354. 
https://doi.org/10.1038/nrc1609 
Hynes, R. O. (2002). Integrins: bidirectional, allosteric signaling machines. Cell, 110(6), 
673–87. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/12297042 
Jimenez-Mallebrera, C., Brown, S. C., Sewry, C. A., & Muntoni, F. (2005). Congenital 
muscular dystrophy: molecular and cellular aspects. CMLS, Cell. Mol. Life Sci, 
6205, 809–823. https://doi.org/10.1007/s00018-004-4510-4 
Kajita, M., Itoh, Y., Chiba, T., Mori, H., Okada, A., Kinoh, H., & Seiki, M. (2001). 
Membrane-type 1 Matrix Metalloproteinase Cleaves CD44 and Promotes Cell 
Migration. The Journal of Cell Biology, 153(5), 893–904. Retrieved from 
http://www.jcb.org/cgi/content/full/153/5/893 
Kalluri, R. (2003). Basement membranes: structure, assembly and role in tumour 
angiogenesis. Nature Reviews Cancer, 3(6), 422–433. 
https://doi.org/10.1038/nrc1094 
Kalluri, R., & Weinberg, R. A. (2009). Review series The basics of epithelial-mesen-
chymal transition, J. Clin. Invest. 119(6). https://doi.org/10.1172/JCI39104.1420 
Karlon, W. J., Hsu, P. P., Li, S., Chien, S., McCulloch,  a D., & Omens, J. H. (1999). 
Measurement of orientation and distribution of cellular alignment and cytoskeletal 
organization. Annals of Biomedical Engineering, 27(6), 712–20. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/10625144 
Kass, M., & Witkin, A. (1987). Analyzing oriented patterns. Computer Vision, Graphics, 
and Image Processing, 37(3), 362–385. https://doi.org/10.1016/0734-
189X(87)90043-0 
Katsumi, A., Orr, W. A., Tzima, E., & Schwartz, M. A. (2004). Integrins in 
Mechanotransduction. Journal of Biological Chemistry, 279, 12001–12004. 
https://doi.org/10.1074/jbc.R300038200 
Katz, B. Z., Romer, L., Miyamoto, S., Volberg, T., Matsumoto, K., Cukierman, E., Geiger, 
B., & Yamada, K. M. (2003). Targeting membrane-localized focal adhesion kinase 
to focal adhesions. Roles of tyrosine phosphorylation and Src family kinases. 
Journal of Biological Chemistry, 278(31), 29115–29120. 
https://doi.org/10.1074/jbc.M212396200 
Kaunas, R., & Hsu, H. (2009). A kinematic model of stretch-induced stress fiber turnover 
and reorientation. Journal of Theoretical Biology, 257(2), 320–330. 
https://doi.org/10.1016/j.jtbi.2008.11.024 
Kawashima, H., Watanabe, N., Hirose, M., Sun, X., Atarashi, K., Kimura, T., Shikata, K., 
Matsuda, M., Ogawa, D., Heljasvaara, R., Rehn, M., Pihlajaniemi, T., & Miyasaka, 
M. (2003). Collagen XVIII, a Basement Membrane Heparan Sulfate Proteoglycan, 
Interacts with L-selectin and Monocyte Chemoattractant Protein-1. Journal of 
114 
 
Biological Chemistry, 278(15), 13069–13076. 
https://doi.org/10.1074/jbc.M212244200 
Khoshnoodi, J., Pedchenko, V., & Hudson, B. G. (2008). Mammalian collagen IV. 
Microscopy Research and Technique, 71(5), 357–370. 
https://doi.org/10.1002/jemt.20564 
Kim, H., Guo, T. W., Wu, A. P., Wells, A., Gertler, F. B., & Lauffenburger, D. A. (2008). 
Epidermal Growth Factor – induced Enhancement of Glioblastoma Cell Migration in 
3D Arises from an Intrinsic Increase in Speed But an Extrinsic Matrix- and 
Proteolysis-dependent Increase in Persistence. Molecular Biology, 19(October), 
4249-4259. https://doi.org/10.1091/mbc.E08 
Kim, J. Bin. (2005). Three-dimensional tissue culture models in cancer biology. 
Seminars in Cancer Biology, 15(5), 365–77. 
https://doi.org/10.1016/j.semcancer.2005.05.002 
Kiyokawa, E., Hashimoto, Y., Kobayashi, S., Sugimura, H., Kurata, T., & Matsuda, M. 
(1998). Activation of Rac1 by a Crk SH3-binding protein, DOCK180. Genes and 
Development, 12(21), 3331–3336. https://doi.org/10.1101/gad.12.21.3331 
Knobloch, W. H., & Layer, J. M. (1972). Clefting syndromes associated with retinal 
detachment. American Journal of Ophthalmology, 73(4), 517–30. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/5020170 
Kong, T. Yung, and Azriel Rosenfeld, E. (1996). Topological Algorithms for Digital Image 
Processing. Elsevier. 
Kothapalli, D., Zhao, L., Hawthorne, E. A., Cheng, Y., Lee, E., Puré, E., & Assoian, R. K. 
(2007). Hyaluronan and CD44 antagonize mitogen-dependent cyclin D1 expression 
in mesenchymal cells. The Journal of Cell Biology, 176(4). 
Krahn, K. N., Bouten, C. V. C., van Tuijl, S., van Zandvoort, M. a M. J., & Merkx, M. 
(2006). Fluorescently labeled collagen binding proteins allow specific visualization 
of collagen in tissues and live cell culture. Analytical Biochemistry, 350(2), 177–85. 
https://doi.org/10.1016/j.ab.2006.01.013 
Kryczka, J., Stasiak, M., Dziki, L., Mik, M., Dziki, A., & Cierniewski, C. S. (2012). Matrix 
Metalloproteinase-2 Cleavage of the 1 Integrin Ectodomain Facilitates Colon 
Cancer Cell Motility. Journal of Biological Chemistry, 287(43), 36556–36566. 
https://doi.org/10.1074/jbc.M112.384909 
Kshitiz, Hubbi, M. E., Ahn, E. H., Downey, J., Afzal, J., Kim, D.-H., Rey, S., Chang, C., 
Kundu, A., Semenza, G. L., Abraham, R. M., & Levchenko, A. (2012). Matrix rigidity 
controls endothelial differentiation and morphogenesis of cardiac precursors. 
Science Signaling, 5(227), ra41. https://doi.org/10.1126/scisignal.2003002 
Kushner, P. J., Agard, D. A., Greene, G. L., Scanlan, T. S., Shiau, A. K., Uht, R. M., & 
Webb, P. (2000). Estrogen receptor pathways to AP-1. Journal of Steroid 
Biochemistry & Molecular Biology, 74, 311–317. Retrieved from 
www.elsevier.com/locate/jsbmb 
115 
 
Lam, L., Lee, S. W., & Suen, C. Y. (1992). Thinning methodologies-a comprehensive 
survey. IEEE Transactions on Pattern Analysis and Machine Intelligence, 14(9), 
869–885. https://doi.org/10.1109/34.161346 
Lamorte, L., Rodrigues, S., Sangwan, V., Turner, C. E., & Park, M. (2003). Crk 
Associates with a Multimolecular Paxillin/GIT2/ - ? PIX Complex and Promotes Rac-
dependent Relocalization of Paxillin to Focal Contacts. Molecular Biology of the 
Cell, 14(June), 2559–2569. https://doi.org/10.1091/mbc.E02 
Lanfer, B., Freudenberg, U., Zimmermann, R., Stamov, D., Körber, V., & Werner, C. 
(2008). Aligned fibrillar collagen matrices obtained by shear flow deposition. 
Biomaterials, 29(28), 3888–3895. https://doi.org/10.1016/j.biomaterials.2008.06.016 
Lauffenburger, D. a, & Horwitz,  a L. (1996). Cell migration:  A physically integrated 
process. Cell, 84, 359–369. 
Lecaudey, V., & Gilmour, D. (2006). Organizing moving groups during morphogenesis. 
Current Opinion in Cell Biology, 18(1), 102–107. 
https://doi.org/10.1016/j.ceb.2005.12.001 
Lee, C. I., Goodwin, A., & Wilcken, N. (2017). Fulvestrant for hormone-sensitive 
metastatic breast cancer. In C. I. Lee (Ed.), Cochrane Database of Systematic 
Reviews. Chichester, UK: John Wiley & Sons, Ltd. 
https://doi.org/10.1002/14651858.CD011093.pub2 
Lee, P., Lin, R., Moon, J., & Lee, L. P. (2006). Microfluidic alignment of collagen fibers 
for in vitro cell culture. Biomedical Microdevices, 8(1), 35–41. 
https://doi.org/10.1007/s10544-006-6380-z 
Leitinger, B. (2011). Transmembrane Collagen Receptors. Annual Review of Cell and 
Developmental Biology, 27(1), 265–290. https://doi.org/10.1146/annurev-cellbio-
092910-154013 
Li, S., Liquari, P., Mckee, K. K., Harrison, D., Patel, R., Lee, S., & Yurchenco, P. D. 
(2005). Laminin–sulfatide binding initiates basement membrane assembly and 
enables receptor signaling in Schwann cells and fibroblasts. The Journal of Cell 
Biology, 169(1), 179–189. https://doi.org/10.1083/jcb.200501098 
Liang, H.-C., Chang, Y., Hsu, C.-K., Lee, M.-H., & Sung, H.-W. (2004). Effects of 
crosslinking degree of an acellular biological tissue on its tissue regeneration 
pattern. Biomaterials, 25(17), 3541–52. 
https://doi.org/10.1016/j.biomaterials.2003.09.109 
Liisa Hostikka, S., Eddyt, R. L., Byerst, M. G., Hoyhtya, M., Showst, T. B., & Tryggvason, 
K. (1990). Identification of a distinct type IV collagen a chain with restricted kidney 
distribution and assignment of its gene to the locus of X chromosome-linked Alport 
syndrome. Biochemistry, 87, 1606–1610. 
Ling, K., Doughman, R. L., Iyer, V. V., Firestone, A. J., Bairstow, S. F., Mosher, D. F., 
Schaller, M. D., & Anderson, R. a. (2003). Tyrosine phosphorylation of type Igamma 
phosphatidylinositol phosphate kinase by Src regulates an integrin-talin switch. 
Journal of Cell Biology, 163(6), 1339–1349. https://doi.org/10.1083/jcb.200310067 
116 
 
Liu, S., Kiosses, W. B., Rose, D. M., Slepak, M., Salgia, R., Griffin, J. D., Turner, C. E., 
Schwartz, M. a., & Ginsberg, M. H. (2002). A fragment of paxillin binds the alpha-4 
integrin cytoplasmic domain (tail) and selectively inhibits alpha-4-mediated cell 
migration. Journal of Biological Chemistry, 277(23), 20887–20894. 
https://doi.org/10.1074/jbc.M110928200 
Liu, Y., Bredfeldt, J., & Pehlke, C. (n.d.). CurveAlign | LOCI. Retrieved January 24, 2017, 
from http://loci.wisc.edu/software/curvealign 
Low, B. C., Pan, C. Q., Shivashankar, G. V., Bershadsky, A., Sudol, M., & Sheetz, M. 
(2014). YAP/TAZ as mechanosensors and mechanotransducers in regulating organ 
size and tumor growth. FEBS Letters, 588(16), 2663–2670. 
https://doi.org/10.1016/j.febslet.2014.04.012 
Lowery, M. C., Morris, C. A., Ewart, A., Brothman, L. J., Zhu, X. L., Leonard, C. 0, Carey, 
J. C., Keating, M., & Brothman, A. R. (1995). Strong Correlation of Elastin 
Deletions, Detected by FISH, with Williams Syndrome: Evaluation of 235 Patients. 
American Journal of Human Genetics, 57, 49–53. 
Luparello, C. (2013). Aspects of Collagen Changes in Breast Cancer. Journal of 
Carcinogenesis & Mutagenesis, S13. https://doi.org/10.4172/2157-2518.S13-007 
Mak, M., Kamm, R. D., & Zaman, M. H. (2014). Impact of Dimensionality and Network 
Disruption on Microrheology of Cancer Cells in 3D Environments. PLoS 
Computational Biology, 10(11), e1003959. 
https://doi.org/10.1371/journal.pcbi.1003959 
Mammoto, T., Mammoto, A., & Ingber, D. E. (2013). Mechanobiology and developmental 
control. Annual Review of Cell and Developmental Biology, 29, 27–61. 
https://doi.org/10.1146/annurev-cellbio-101512-122340 
McClelland, R. A., Manning, D. L., Gee, J. M., Anderson, E., Clarke, R., Howell, A., 
Dowsett, M., Robertson, J. F., Blamey, R. W., Wakeling, A. E., & Nicholson, R. I. 
(1996). Effects of short-term antiestrogen treatment of primary breast cancer on 
estrogen receptor mRNA and protein expression and on estrogen-regulated genes. 
Breast Cancer Research and Treatment, 41(1), 31–41. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/8932874 
McDonald, J. A., Kelley, D. G., & Broekelmann, T. J. (1982). Role of Fibronectin in 
Collagen Deposition : Fab’ to the Gelatin-binding Domain of Fibronectin Inhibits 
Both Fibronectin and Collagen Organization in Fibroblast Extracellular Matrix. The 
Journal of Cell Biology, 92, 485–492. 
Mierke, C. T., Frey, B., Fellner, M., Herrmann, M., & Fabry, B. (2011). Integrin a5b1 
facilitates cancer cell invasion through enhanced contractile forces. Journal of Cell 
Science, 124(3), 369–383. https://doi.org/10.1242/jcs.071985 
Mitra, S. K., Hanson, D. a, & Schlaepfer, D. D. (2005). Focal adhesion kinase: in 
command and control of cell motility. Nature Reviews. Molecular Cell Biology, 6(1), 
56–68. https://doi.org/10.1038/nrm1549 
Mizejewski, G. J. (1999). Role of integrins in cancer: survey of expression patterns. 
117 
 
Proceedings of the Society for Experimental Biology and Medicine. Society for 
Experimental Biology and Medicine (New York, N.Y.), 222(2), 124–138. 
https://doi.org/pse22203 [pii] 
Muragaki, Y., Timmons, S., May Griffith, C., Oh, S. P., Fadel, B., Quertermous, T., & 
Olsen, B. R. (1995). Mouse Col18al is expressed in a tissue-specific manner as 
three alternative variants and is localized in basement membrane zones. 
Developmental Biology, 92, 8763–8767. 
Musso, O., Rehn, M., Théret, N., Turlin, B., Bioulac-Sage, P., Lotrian, D., Campion, J.-
P., Pihlajaniemi, T., & Clément, B. (2001). Tumor Progression Is Associated with a 
Significant Decrease in the Expression of the Endostatin Precursor Collagen XVIII 
in Human Hepatocellular Carcinomas 1. Cancer Research, 61, 45–49. 
Nabeshima, K., Inoue, T., Shimao, Y., & Sameshima, T. (2002). Matrix 
metalloproteinases in tumor invasion: Role for cell migration. Pathology 
International, 52(4), 255–264. https://doi.org/10.1046/j.1440-1827.2002.01343.x 
Nagano, M., Hoshino, D., Koshikawa, N., Akizawa, T., & Seiki, M. (2012). Turnover of 
focal adhesions and cancer cell migration. International Journal of Cell Biology, 
2012. https://doi.org/10.1155/2012/310616 
Nagaprashantha, L. D., Vatsyayan, R., Lelsani, P. C. R., Awasthi, S., & Singhal, S. S. 
(2011). The sensors and regulators of cell-matrix surveillance in anoikis resistance 
of tumors. International Journal of Cancer. Journal International du Cancer, 128(4), 
743–52. https://doi.org/10.1002/ijc.25725 
Nawrocki-Raby, B., Gilles, C., Polette, M., Bruyneel, E., Laronze, J.-Y., Bonnet, N., 
Foidart, J.-M., Mareel, M., & Birembaut, P. (2003). Upregulation of MMPs by 
soluble E-cadherin in human lung tumor cells. International Journal of Cancer. 
Journal International du Cancer, 105(6), 790–5. https://doi.org/10.1002/ijc.11168 
Nawroth, J. C., Lee, H., Feinberg, A. W., Ripplinger, C. M., McCain, M. L., Grosberg, A., 
Dabiri, J. O., & Parker, K. K. (2012). A tissue-engineered jellyfish with biomimetic 
propulsion. Nature Biotechnology, 30(8), 792–7. https://doi.org/10.1038/nbt.2269 
Nishiuchi, R., Takagi, J., Hayashi, M., Ido, H., Yagi, Y., Sanzen, N., Tsuji, T., Yamada, 
M., & Sekiguchi, K. (2006). Ligand-binding specificities of laminin-binding integrins: 
A comprehensive survey of laminin–integrin interactions using recombinant α3β1, 
α6β1, α7β1 and α6β4 integrins. Matrix Biology, 25(3), 189–197. 
https://doi.org/10.1016/j.matbio.2005.12.001 
Noe, V., Fingleton, B., Jacobs, K., Crawford, H. C., Vermeulen, S., Steelant, W., 
Bruyneel, E., Matrisian, L. M., & Mareel, M. (2000). Release of an invasion 
promoter E-cadherin fragment by matrilysin and stromelysin-1. Journal of Cell 
Science, 114, 111–118. 
Normanno, N., Bianco, C., De Luca, A., Maiello, M. R., & Salomon, D. S. (2003). Target-
based agents against ErbB receptors and their ligands: a novel approach to cancer 
treatment. Endocrine-Related Cancer, 10(1), 1–21. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/12653668 
118 
 
O’Reilly, M. S., Boehm, T., Shing, Y., Fukai, N., Vasios, G., Lane, W. S., Flynn, E., 
Birkhead, J. R., Olsen, B. R., & Folkman, J. (1997). Endostatin: An Endogenous 
Inhibitor of Angiogenesis and Tumor Growth. Cell, 88, 277–285. 
Olson, T. M., Michels, V. V, Urban, Z., Csiszar, K., Christiano, A. M., Driscoll, D. J., 
Feldt, R. H., Boyd, C. D., & Thibodeau, S. N. (1995). A 30 kb deletion within the 
elastin gene results in familial supravalvular aortic stenosis. Human Molecular 
Genetics, 4(9), 1677–1679. 
Overall, C. M. (2002). Molecular Determinants of Metalloproteinase Substrate 
Specificity. Molecular Biotechnology, 22, 51–86. 
Page-McCaw, A., Ewald, A. J., & Werb, Z. (2007). Matrix metalloproteinases and the 
regulation of tissue remodelling. Nature Reviews. Molecular Cell Biology, 8, 221– 
233. https://doi.org/10.1038/nrm2125 
Pang, Y., Wang, X., Lee, D., & Greisler, H. P. (2011). Dynamic quantitative visualization 
of single cell alignment and migration and matrix remodeling in 3-D collagen 
hydrogels under mechanical force. Biomaterials, 32(15), 3776–83. 
https://doi.org/10.1016/j.biomaterials.2011.02.003 
Pankov, R., & Yamada, K. M. (2002). Fibronectin at a glance. Journal of Cell Science, 
115, 3861–3863. https://doi.org/10.1242/jcs.00059 
Park, C. C., Zhang, H. J., Yao, E. S., Park, C. J., & Bissell, M. J. (2008). Beta1 integrin 
inhibition dramatically enhances radiotherapy efficacy in human breast cancer 
xenografts. Cancer Research, 68(11), 4398–405. https://doi.org/10.1158/0008-
5472.CAN-07-6390 
Parri, M., & Chiarugi, P. (2010). Rac and Rho GTPases in cancer cell motility control. 
Cell Communication and Signaling : CCS, 8, 23. https://doi.org/10.1186/1478-811X-
8-23 
Pasternak, J. F., Mantovani, J. F., & Volpe, J. J. (1980). Porencephaly from 
periventricular intracerebral hemorrhage in a premature infant. American Journal of 
Diseases of Children, 134(7), 673–675. 
https://doi.org/10.1001/archpedi.1980.02130190041010 
PDQ Adult Treatment Editorial Board, P. A. T. E. (2002). Breast Cancer Treatment 
(PDQ®): Patient Version. PDQ Cancer Information Summaries. National Cancer 
Institute (US). Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/26389406 
Pfaff, M., Du, X., & Ginsberg, M. H. (1999). Calpain cleavage of integrin ?? cytoplasmic 
domains. FEBS Letters, 460(1), 17–22. https://doi.org/10.1016/S0014-
5793(99)01250-8 
Pierce, R. A., Mariani, T. J., & Senior, R. M. (1995). Elastin in lung development and 
disease. In Ciba Foundation symposium (Vol. 192, pp. 199-212–4). Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/8575258 
Pietras, R. J. (2006). Biologic Basis of Sequential and Combination Therapies for 
Hormone-Responsive Breast Cancer. The Oncologist, 11(7), 704–717. 
119 
 
https://doi.org/10.1634/theoncologist.11-7-704 
Pilcher, B. K., Dumin, J. A., Sudbeck, B. D., Krane, S. M., Welgus, H. G., & Parks, W. C. 
(1997). The Activity of Collagenase-1 Is Required for Keratinocyte Migration on a 
Type I Collagen Matrix. The Journal of Cell Biology, 137(6), 1445–1457. 
Polte, T. R., & Hanks, S. K. (1995). Interaction between focal adhesion kinase and Crk-
associated tyrosine kinase substrate p130Cas. Proceedings of the National 
Academy of Sciences of the United States of America, 92(23), 10678–10682. 
https://doi.org/10.1073/pnas.92.23.10678 
Popova, S. N., Lundgren-Åkerlund, E., Wiig, H., & Gullberg, D. (2007). Physiology and 
pathology of collagen receptors. Acta Physiologica, 190(3), 179–187. 
https://doi.org/10.1111/j.1748-1716.2007.01718.x 
Poujade, M., Grasland-Mongrain, E., Hertzog,  a, Jouanneau, J., Chavrier, P., Ladoux, 
B., Buguin,  a, & Silberzan, P. (2007). Collective migration of an epithelial 
monolayer in response to a model wound. Proceedings of the National Academy of 
Sciences of the United States of America, 104(41), 15988–15993. 
https://doi.org/10.1073/pnas.0705062104 
Pratt, W. (1991). Digital image processing: PIKS Scientific inside. Hoboken, NJ: Wiley-
Interscience. 
Provenzano, P. P., Eliceiri, K. W., Campbell, J. M., Inman, D. R., White, J. G., & Keely, 
P. J. (2006). Collagen reorganization at the tumor-stromal interface facilitates local 
invasion. BMC Medicine, 4(1), 38. https://doi.org/10.1186/1741-7015-4-38 
Provenzano, P. P., Eliceiri, K. W., & Keely, P. J. (2009). Multiphoton microscopy and 
fluorescence lifetime imaging microscopy (FLIM) to monitor metastasis and the 
tumor microenvironment. Clinical & Experimental Metastasis, 26(4), 357–370. 
https://doi.org/10.1007/s10585-008-9204-0 
Provenzano, P. P., Inman, D. R., Eliceiri, K. W., Trier, S. M., & Keely, P. J. (2008). 
Contact guidance mediated three-dimensional cell migration is regulated by 
Rho/ROCK-dependent matrix reorganization. Biophysical Journal, 95(11), 5374–
5384. https://doi.org/10.1529/biophysj.108.133116 
Puré, E., & Assoian, R. K. (2009). Rheostatic signaling by CD44 and hyaluronan. 
Cellular Signalling, 21(5), 651–655. https://doi.org/10.1016/j.cellsig.2009.01.024 
Ramshaw, J. A. M., Shah, N. K., & Brodsky, B. (1998). Gly-X-Y Tripeptide Frequencies 
in Collagen: A Context for Host–Guest Triple-Helical Peptides. Journal of Structural 
Biology, 122, 86–91. 
Rao, A. R. (2012). A Taxonomy for Texture Description and Identification. Springer 
Publishing Company, Incorporated. 
Ravdin, P. M., Green, S., Dorr, T. M., McGuire, W. L., Fabian, C., Pugh, R. P., Carter, R. 
D., Rivkin, S. E., Borst, J. R., & Belt, R. J. (1992). Prognostic significance of 
progesterone receptor levels in estrogen receptor-positive patients with metastatic 
breast cancer treated with tamoxifen: results of a prospective Southwest Oncology 
120 
 
Group study. Journal of Clinical Oncology : Official Journal of the American Society 
of Clinical Oncology, 10(8), 1284–91. https://doi.org/10.1200/jco.1992.10.8.1284 
Rhoads, D. S., & Guan, J.-L. (2007). Analysis of directional cell migration on defined FN 
gradients: role of intracellular signaling molecules. Experimental Cell Research, 
313(18), 3859–67. https://doi.org/10.1016/j.yexcr.2007.06.005 
Riching, K. M., Cox, B. L., Salick, M. R., Pehlke, C., Riching, A. S., Ponik, S. M., Bass, 
B. R., Crone, W. C., Jiang, Y., Weaver, A. M., Eliceiri, K. W., & Keely, P. J. (2014). 
3D Collagen Alignment Limits Protrusions to Enhance Breast Cancer Cell 
Persistence. Biophysical Journal, 107(11), 2546–58. 
https://doi.org/10.1016/j.bpj.2014.10.035 
Ridley, A. J. (2011). Life at the leading edge. Cell, 145(7), 1012–1022. 
https://doi.org/10.1016/j.cell.2011.06.010 
Robert, B., Szigeti, M., Derouette, J.-C., & Robert, L. (1971). Studies on the Nature of 
the “Microfibrillar” Component of Elastic Fibers. European Journal of Biochemistry, 
21(4), 507–516. https://doi.org/10.1111/j.1432-1033.1971.tb01496.x 
Rørth, P. (2009). Collective cell migration. Annual Review of Cell and Developmental 
Biology, 25, 407–429. https://doi.org/10.1146/annurev.cellbio.042308.113231 
Saarela, J., Rehn, M., Oikarinen, A., Autio-Harmainen, H., & Pihlajaniemi, T. (1998). The 
Short and Long Forms of Type XVIII Collagen Show Clear Tissue Specificities in 
Their Expression and Location in Basement Membrane Zones in Humans. The 
American Journal of Pathology, 153(2), 611–626. https://doi.org/10.1016/S0002-
9440(10)65603-9 
Sandberg, L. B., Soskel, N. T., & Leslie, J. G. (1981). Elastin Structure, Biosynthesis, 
and Relation to Disease States. The New England Journal of Medicine, 566–579. 
Santos, S. N. M. B. dos M. P., Oliveira, G. V. de M., Tavares, A. L. P. M., Massensini, A. 
R. P., Carvalhaes, L. M. de S. P., Reljasvaara, R. P., & Kitten, G. T. P. (2005). 
Collagen XVIII and fibronectin involvement in bullous scleroderma. Dermatology 
Online Journal, 11(1). 
Sarrazin, S., Lamanna, W. C., & Esko, J. D. (2011). Heparan Sulfate Proteoglycans. 
Cold Spring Harbor Perspectives in Biology, 3(7), a004952–a004952. 
https://doi.org/10.1101/cshperspect.a004952 
Saunders, N. A., & Grant, M. E. (1985). The secretion of tropoelastin by chick-embryo 
artery cells. Biochemical Journal, 230, 217–225. 
Saus, J., Wieslanderll, J., Langeveldll, J. P. M., Quinones, S., & Hudson11, B. G. (1988). 
Identification of the Goodpasture Antigen as the a3(IV) Chain of Collagen IV. The 
Journal of Biological Chemistry, 263(26), 13374–13380. 
Schaller, M. D., Borgman, C. a, Cobb, B. S., Vines, R. R., Reynolds,  a B., & Parsons, J. 
T. (1992). pp125FAK a structurally distinctive protein-tyrosine kinase associated 
with focal adhesions. Proceedings of the National Academy of Sciences of the 
United States of America, 89(11), 5192–5196. 
121 
 
https://doi.org/10.1073/pnas.89.11.5192 
Schaller, M. D., Hildebrand, J. D., Shannon, J. D., Fox, J. W., Vines, R. R., & Parsons, J. 
T. (1994). Autophosphorylation of the focal adhesion kinase, pp125FAK, directs 
SH2-dependent binding of pp60src. Molecular and Cellular Biology, 14(3), 1680–
1688. https://doi.org/10.1128/MCB.14.3.1680.Updated 
Schittny, J. C., & Yurchenco, P. D. (1989). Basement membranes: molecular 
organization and function in development and disease. Current Opinion in Cell 
Biology, 1, 983–988. 
Schlaepfer, D. D., Hanks, S. K., Hunter, T., & van der Geer, P. (1994). Integrin-mediated 
signal transduction linked to Ras pathway by GRB2 binding to focal adhesion 
kinase. Nature. https://doi.org/10.1038/372786a0 
Schwartz, M. a., & Shattil, S. J. (2000). Signaling networks linking integrins and Rho 
family GTPases. Trends in Biochemical Sciences, 25(8), 388–391. 
https://doi.org/10.1016/S0968-0004(00)01605-4 
Semenza, G. L. (2003). Targeting HIF-1 for cancer therapy. Nature Reviews Cancer, 
3(10), 721–732. https://doi.org/10.1038/nrc1187 
Shattil, S. J., Kim, C., & Ginsberg, M. H. (2010). The final steps of integrin activation: the 
end game. Nature Reviews. Molecular Cell Biology, 11(4), 288–300. 
https://doi.org/10.1038/nrm2871 
Sheetz, M. P., & Dai, J. (1996). Modulation of membrane dynamics and cell motility by 
membrane tension. Trends in Cell Biology, 6(3), 85–9. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/15157483 
Shen, Y., & Schaller, M. D. (1999). Focal adhesion targeting: the critical determinant of 
FAK regulation and substrate phosphorylation. Molecular Biology of the Cell, 10(8), 
2507–2518. 
Shiga, K., Hara, M., Nagasaki, T., Sato, T., Takahashi, H., & Takeyama, H. (2015). 
Cancer-Associated Fibroblasts: Their Characteristics and Their Roles in Tumor 
Growth. Cancers, 7(4), 2443–58. https://doi.org/10.3390/cancers7040902 
Shoulders, M. D., & Raines, R. T. (2009). Collagen Structure and Stability. Annual 
Review of Biochemistry, 78, 929–958. 
https://doi.org/10.1146/annurev.biochem.77.032207.120833 
Siegel, R., Pinnell, S., & Martin, G. (1970). Cross-linking of collagen and elastin. 
Properties of lysyl oxidase. Biochemistry, 9(23), 4486–4492. Retrieved from 
http://pubs.acs.org/doi/abs/10.1021/bi00825a004 
Sisson, K., Zhang, C., Farach-Carson, M. C., Chase, D. B., & Rabolt, J. F. (2009). 
Evaluation of cross-linking methods for electrospun gelatin on cell growth and 
viability. Biomacromolecules, 10(7), 1675–80. https://doi.org/10.1021/bm900036s 
Slamon, D. J., Clark, G. M., Wong, S. G., Levin, W. J., Ullrich, A., & McGuire, W. L. 
(1987). Human breast cancer: correlation of relapse and survival with amplification 
of the HER-2/neu oncogene. Science (New York, N.Y.), 235(4785), 177–82. 
122 
 
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/3798106 
Sotiriou, C., & Pusztai, L. (2009). Gene-Expression Signatures in Breast Cancer. New 
England Journal of Medicine, 360, 790–800. 
Spitale, A., Mazzola, P., Soldini, D., Mazzucchelli, L., & Bordoni, A. (2009). Breast 
cancer classification according to immunohistochemical markers: clinicopathologic 
features and short-term survival analysis in a population-based study from the 
South of Switzerland. Annals of Oncology, 20(4), 628–635. 
https://doi.org/10.1093/annonc/mdn675 
Stein, A. M., Vader, D. a., Jawerth, L. M., Weitz, D. a., & Sander, L. M. (2008). An 
algorithm for extracting the network geometry of three-dimensional collagen gels. 
Journal of Microscopy, 232(May), 463–475. https://doi.org/10.1111/j.1365-
2818.2008.02141.x 
Sternlicht, M. D., & Werb, Z. (2001). How Matrix Metalloproteinases Regulate Cell 
Behavior. Annual Review of Cell and Developmental Biology, 17(1), 463–516. 
https://doi.org/10.1146/annurev.cellbio.17.1.463 
Stevenson, A., Yaqoob, M., Mason, H., Pai, P., & Bell, C. M. (1995). Biochemical 
markers of basement membrane disturbances and occupational exposure to 
hydrocarbons and mixed solvents. QJM, 88, 23–28. 
Stopak, D., & Harris, A. K. (1982). Connective tissue morphogenesis by fibroblast 
traction. Developmental Biology, 90(2), 383–398. https://doi.org/10.1016/0012-
1606(82)90388-8 
Sun, M., Bloom, A. B., & Zaman, M. H. (2015). Rapid Quantification of 3D Collagen 
Fiber Alignment and Fiber Intersection Correlations with High Sensitivity. PLos One, 
10(7), e0131814. https://doi.org/10.1371/journal.pone.0131814 
Sundararaghavan, H. G., Monteiro, G. A., Firestein, B. L., & Shreiber, D. I. (2009). 
Neurite growth in 3D collagen gels with gradients of mechanical properties. 
Biotechnology and Bioengineering, 102(2), 632–43. 
https://doi.org/10.1002/bit.22074 
Sung Bae, J., Kim, S. mi, Lee, H., Sung Bae, J., Kim, S. mi, & Lee, H. (2015). The Hippo 
signaling pathway provides novel anti-cancer drug targets. Oncotarget, 5(0). 
https://doi.org/10.18632/oncotarget.14306 
Taniguchi, Y., Ido, H., Sanzen, N., Hayashi, M., Sato-Nishiuchi, R., Futaki, S., & 
Sekiguchi, K. (2009). The C-terminal Region of Laminin Chains Modulates the 
Integrin Binding Affinities of Laminins. Journal of Biological Chemistry, 284(12), 
7820–7831. https://doi.org/10.1074/jbc.M809332200 
Tee, S.-Y., Fu, J., Chen, C. S., & Janmey, P. A. (2011). Cell Shape and Substrate 
Rigidity Both Regulate Cell Stiffness. Biophysical Journal, 100, L25–L27. 
https://doi.org/10.1016/j.bpj.2010.12.3744 
Tian, X., Azpurua, J., Hine, C., Vaidya, A., Myakishev-Rempel, M., Ablaeva, J., Mao, Z., 
Nevo, E., Gorbunova, V., & Seluanov, A. (2013). High-molecular-mass hyaluronan 
123 
 
mediates the cancer resistance of the naked mole rat. Nature, 499(7458), 346–9. 
https://doi.org/10.1038/nature12234 
Toole, B. P. (2004). Hyaluronan: from extracellular glue to pericellular cue. Nature 
Reviews Cancer, 4(7), 528–539. https://doi.org/10.1038/nrc1391 
Tran, M., Rousselle, P., Nokelainen, P., Tallapragada, S., Nguyen, N. T., Fincher, E. F., 
& Marinkovich, M. P. (2008). Targeting a tumor-specific laminin domain critical for 
human carcinogenesis. Cancer Research, 68(8), 2885–2894. 
https://doi.org/10.1158/0008-5472.CAN-07-6160 
Turner, C. E. (2000). Paxillin and focal adhesion signalling. Nature Cell Biology, 2(12), 
E231–E236. https://doi.org/10.1038/35046659 
Tzu, J., & Marinkovich, M. P. (2008). Bridging structure with function: Structural, 
regulatory, and developmental role of laminins. The International Journal of 
Biochemistry & Cell Biology, 40(2), 199–214. 
https://doi.org/10.1016/j.biocel.2007.07.015 
Uitto, J., Fazio, M., Bashir, M., & Rosenbloom, J. (1991). Elastic fibers of the connective 
tissue. In L. A. Goldsmith (Ed.), Biochemistry, physiology and molecular biology of 
the skin (pp. 530–557). New York: Oxford University Press. 
Uitto, J., & Ryhänen, L. J. (1987). Pathology of the elastic fibers, in Connective tissue 
disease. In J. Uitto & A. J. Perejda (Eds.), Molecular Pathology of the Extra-Cellular 
Matrix (pp. 399–422). New York: Dekker. 
Vader, D., Kabla, A., Weitz, D., & Mahadevan, L. (2009). Strain-induced alignment in 
collagen gels. PLoS One, 4(6), e5902. https://doi.org/10.1371/journal.pone.0005902 
Vallejos, C. S., Gómez, H. L., Cruz, W. R., Pinto, J. A., Dyer, R. R., Velarde, R., Suazo, 
J. F., Neciosup, S. P., León, M., de la Cruz, M. A., & Vigil, C. E. (2010). Breast 
Cancer Classification According to Immunohistochemistry Markers: Subtypes and 
Association With Clinicopathologic Variables in a Peruvian Hospital Database. 
Clinical Breast Cancer, 10(4), 294–300. https://doi.org/10.3816/CBC.2010.n.038 
van Horssen, J., Wilhelmus, M. M. M., Heljasvaara, R., Pihlajaniemi, T., Wesseling, P., 
Waal, R. M. W., & Verbeek, M. M. (2006). Collagen XVIII: a Novel Heparan Sulfate 
Proteoglycan Associated with Vascular Amyloid Depositions and Senile Plaques in 
Alzheimer’s Disease Brains. Brain Pathology, 12(4), 456–462. 
https://doi.org/10.1111/j.1750-3639.2002.tb00462.x 
Vedula, R. K., Ravasio,  a, Lim, C. T., & Ladoux, B. (2013). Collective Cell Migration: A 
Mechanistic Perspective. Physiology, 28(6), 370–379. 
https://doi.org/10.1152/physiol.00033.2013 
Wagenseil, J. E., & Mecham, R. P. (2007). New insights into elastic fiber assembly. Birth 
Defects Research Part C: Embryo Today: Reviews, 81(4), 229–240. 
https://doi.org/10.1002/bdrc.20111 
Wang, N., Tytell, J. D., & Ingber, D. E. (2009). Mechanotransduction at a distance: 
mechanically coupling the extracellular matrix with the nucleus. Nature Reviews. 
124 
 
Molecular Cell Biology, 10(1), 75–82. https://doi.org/10.1038/nrm2594 
Watanabe, T., Inoue, S., Ogawa, S., Ishii, Y., Hiroi, H., Ikeda, K., Orimo, A., & 
Muramatsu, M. (1997). Agonistic Effect of Tamoxifen Is Dependent on Cell Type, 
ERE-Promoter Context, and Estrogen Receptor Subtype: Functional Difference 
between Estrogen Receptors alpha and beta. Biochemical and Biophysical 
Research Communications, 236(1), 140–145. Retrieved from 
www.TheOncologist.com. 
Wear, M. a., Schafer, D. a., & Cooper, J. a. (2000). Actin dynamics: Assembly and 
disassembly of actin networks. Current Biology, 10(24), 891–895. 
https://doi.org/10.1016/S0960-9822(00)00845-9 
Whitelock, J. M., Murdoch, A. D., Iozzo, R. V, & Underwood, P. A. (1996). The 
Degradation of Human Endothelial Cell-derived Perlecan and Release of Bound 
Basic Fibroblast Growth Factor by Stromelysin, Collagenase, Plasmin, and 
Heparanases. The Journal of Biological Chemistry, 271, 10079–10086. 
Wolf, K., Mazo, I., Leung, H., Engelke, K., Von Andrian, U. H., Deryugina, E. I., Strongin, 
A. Y., Bröcker, E. B., & Friedl, P. (2003). Compensation mechanism in tumor cell 
migration: Mesenchymal-amoeboid transition after blocking of pericellular 
proteolysis. Journal of Cell Biology, 160(2), 267–277. 
https://doi.org/10.1083/jcb.200209006 
Xu, H., Bihan, D., Chang, F., Huang, P. H., Farndale, R. W., & Leitinger, B. (2012). 
Discoidin Domain Receptors Promote α1β1- and α2β1-Integrin Mediated Cell 
Adhesion to Collagen by Enhancing Integrin Activation. PLoS One, 7(12), e52209. 
https://doi.org/10.1371/journal.pone.0052209 
Xu, J., Rodriguez, D., Petitclerc, E., Kim, J. J., Hangai, M., Moon Yuen, S., Davis, G. E., 
& Brooks, P. C. (2001). Proteolytic exposure of a cryptic site within collagen type IV 
is required for angiogenesis and tumor growth in vivo. The Journal of Cell Biology, 
911(5), 21–9525. https://doi.org/10.1083/jcb.200103111 
Yang, N., & Friedl, A. (2016). Syndecan-1-Induced ECM Fiber Alignment Requires 
Integrin αvβ3 and Syndecan-1 Ectodomain and Heparan Sulfate Chains. PLoS 
One, 11(2), e0150132. https://doi.org/10.1371/journal.pone.0150132 
Yang, Y., Leone, L. M., & Kaufman, L. J. (2009). Elastic Moduli of Collagen Gels Can Be 
Predicted from Two-Dimensional Confocal Microscopy. Biophysical Journal, 97(7), 
2051–2060. https://doi.org/10.1016/j.bpj.2009.07.035 
Yin, K. B. (2011). The Mesenchymal-Like Phenotype of the MDA-MB-231 Cell Line. In 
Breast Cancer - Focusing Tumor Microenvironment, Stem cells and Metastasis (pp. 
385–402). https://doi.org/10.5772/1747 
Zaman, M. H., Trapani, L. M., Sieminski, A. L., Mackellar, D., Gong, H., Kamm, R. D., 
Wells, A., Lauffenburger, D. a, & Matsudaira, P. (2006). Migration of tumor cells in 
3D matrices is governed by matrix stiffness along with cell-matrix adhesion and 
proteolysis. Proceedings of the National Academy of Sciences of the United States 
of America, 103(29), 10889–10894. https://doi.org/10.1073/pnas.0604460103 
125 
 
Zeng, L., Si, X., Yu, W. P., Thi Le, H., Ng, K. P., Teng, R. M. H., Ryan, K., Wang, D. Z. 
M., Ponniah, S., & Pallen, C. J. (2003). PTPα regulates integrin-stimulated FAK 
autophosphorylation and cytoskeletal rearrangement in cell spreading and 
migration. Journal of Cell Biology, 160(1), 137–146. 
https://doi.org/10.1083/jcb.200206049 
Zhai, J., Lin, H., Nie, Z., Wu, J., Cañete-Soler, R., Schlaepfer, W. W., & Schlaepfer, D. 
D. (2003). Direct interaction of focal adhesion kinase with p190RhoGEF. The 
Journal of Biological Chemistry, 278(27), 24865–24873. 
https://doi.org/10.1074/jbc.M302381200 
 
  
126 
127 
 
128 
